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This cumulative dissertation investigates the impacts of future climate conditions, edaphic 
variables, and/or land use intensity on microbial communities inhabiting soil, plant endosphere, 
and plant residues. Microbial communities were assessed using Illumina sequencing of bacterial 
16S rRNA, the internal transcribed spacer region of the fungi (ITS2) and the arbuscular 
mycorrhizal fungal 18S rRNA gene amplicons. The work was performed within the Global Change 
Experimental Facility (GCEF), which is established in Germany and designed to investigate the 
consequences of a predicted future climate scenario on ecosystem processes under different land-
use regimes in comparison with ambient climate. Manuscript 1 assessed the suitability of the 
functional annotation of prokaryotic taxa (FAPROTAX) tool to assign ecological functions to 
detected soil bacteria. Our results showed that data obtained from FAPROTAX are consistent with 
variations of soil bacteria community under the manipulated environmental conditions in the 
GCEF. Manuscript 2 describes the impact of environmental drivers on the proportion and 
composition of active and total rhizosphere microbiomes (bacteria and fungi) of Trifolium pratense 
in grassland ecosystems. We found that only 42% and 32% of the detected bacteria and fungi 
belonged to the active microbial fraction, respectively. Furthermore, both active and total 
microbial communities were taxonomically and functionally diverse and were shaped by different 
soil physicochemical factors. However, they showed a degree of resistance to future climate. 
Manuscript 3 addresses the factors shaping the microbial communities (bacteria and fungi) of 
Trifolium pratense rhizosphere and endosphere in grassland ecosystems. Here, we investigated the 




affect the microbial community compositions. On the other hand, the different plant tissues 
represented specific ecological niches with distinct microbiomes. Manuscript 4 reports the 
interactive influence of agricultural practices (conventional vs. organic farming) and climate 
conditions (ambient vs. future) on the communities of arbuscular mycorrhizal fungi (AMF) 
colonizing wheat roots in cropland ecosystems. We evaluated the effect of these manipulated 
variables on the total AMF communities as well as their dominant fungal families. Our findings 
showed that the factors shaping AMF community composition and richness differed greatly 
between the Glomeromycota families. In addition, we provided an experimental evidence that 
organic farming enhances arbuscular mycorrhizal molecular richness under future climate as 
compared to ambient climatic conditions. Manuscript 5 presents the effects of future climate on 
fungal plant pathogens colonizing wheat residues during the early phase of decomposition in a 
conventional farming system. We found that future climate significantly altered pathogenic fungal 
communities and their dynamics in wheat residues. Moreover, future climate conditions initiated 
wheat residues colonization by new potentially plant pathogenic fungi. Manuscript 6 presents the 
impact of future climate on bacterial and fungal richness, community compositions, interactions 
and their functions (production of extracellular enzymes) in decomposing residues of wheat litter. 
We also investigated the effects of climate change on plant litter mass loss during the early phase 
of decomposition. Future climate was found to accelerate the decomposition process. Additionally, 
future climate significantly increased fungal richness and altered fungal communities over time, 
while bacterial communities in wheat residues were more resistant. Moreover, highly correlative 














Boden- und Pflanzenmikrobengemeinschaften sind eng mit der Funktion des Ökosystems 
verbunden, da sie eine wichtige Rolle bei der Nährstoffdynamik spielen und als Mutualisten und 
Krankheitserreger auf Pflanzengemeinschaften rückwirken. Zahlreiche bodenphysikochemische 
Faktoren prägen die Zusammensetzung und Dynamik der mikrobiellen Gemeinschaften. Darüber 
hinaus beeinflussen die globale Erwärmung und der Klimawandel alle Arten von Lebewesen 
einschließlich Bodenmikroben. Ein besseres Verständnis der Umweltfaktoren, die 
bodenmikrobielle Gemeinschaften insbesondere unter dem zukünftigen Klima nach aktuellen 
Umweltszenarios prägen, wird dazu beitragen, die erwarteten Veränderungen der von diesen 
Gemeinschaften erbrachten Ökosystemfunktionen und -dienstleistungen zu verstehen und 
vorherzusagen. Außerdem wird ein Überblick über die Möglichkeiten gegeben, wie 
Bodenmikroorganismen genutzt werden können, um die negativen Folgen des Klimawandels 
abzumildern. 
Die Versuchsanlage Global Change  Experimental Facility (GCEF), die Teil der 
Feldforschungsstation des Helmholtz-Zentrums für Umweltforschung in Bad Lauchstädt, 
Sachsen-Anhalt, Deutschland (51_22'60 N, 11_50'60 E, 118 m.s.l.) ist, wurde entwickelt, um die 
Konsequenzen eines vorhergesagten zukünftigen Klimaszenarios auf Ökosystemprozesse unter 
verschiedenen Landnutzungsbedingungen auf großen Feldparzellen im Vergleich zum aktuellen 
Klima zu untersuchen. Ihre Parzellen wurden nach dem Zufallsprinzip einer von fünf 
Landnutzungsbehandlungen zugeordnet (konventioneller Landbau, ökologischer Landbau, 
intensiv bewirtschaftete Grünlandflächen, extensiv bewirtschaftete Grünlandwiesen und Weiden). 
Unser Ziel war es, die Auswirkungen zukünftiger Klimabedingungen, bodenphysikochemischer 
Faktoren und / oder Landnutzungsintensität auf mikrobielle Gemeinschaften in verschiedenen 
Lebensräumen (Rhizosphärenboden, Pflanzenendosphäre und Pflanzenreste) zu analysieren. Um 
die mikrobiellen Gemeinschaften beurteilen zu können, verwendeten wir die hochempfindliche 
und leistungsstarke Hochdurchsatzsequenzierung mittels Illumina Miseq, die eine Ausgabe von 
bis zu 15 Giga Basen oder 25 Millionen sequenzierte Fragmenten bei einer Leselänge von 2 × 300 
bp ermöglicht. Diese Doktorarbeit stellt die erste Bewertung von mikrobiellen Gemeinschaften in 
der GCEF-Versuchsanlage dar. Die Proben für Manuskript 4 wurden 2015 gesammelt, während 




Manuskript 1: (Sansupa et al., 2021; Applied Science 2021, 11, 688) Can we use functional 
annotation of prokaryotic taxa (FAPROTAX) to assign the ecological functions of soil bacteria? 
“Ist es möglich, die funktionelle Annotation prokaryotischer Taxa (FAPROTAX) zu verwenden, 
um Bodenbakterien ökologische Funktionen zuzuweisen?” untersucht die mögliche Verwendung 
von FAPROTAX zur Annotation bakterieller Funktionen in nicht-aquatischen Ökosystemen, 
insbesondere im Boden. Für diese Studie nutzten wir mikrobielle Datensätze des 
Rhizosphärenbodens von Trifolium pratense aus den intensiv bewirtschafteten Wiesenparzellen 
der GCEF. Unsere Untersuchung ergab, dass das FAPROTAX-Tool zum Screening oder zur 
Gruppierung von 16S rRNA Gen-basierten Bakteriendaten aus terrestrischen Ökosystemen 
verwendet werden kann und seine Leistung durch die Verbesserung der taxonomischen und 
funktionalen Referenzdatenbanken verbessert werden kann. 
Manuskript 2: (Wahdan et al., 2021; Frontiers in Microbiology 12: 629169). Targeting the active 
rhizosphere microbiome of Trifolium pratense in grassland evidences a stronger-than-expected 
belowground biodiversity-ecosystem functioning link. “Die gezielte Untersuchung aktiver 
Rhizosphäremikrobiome in Trifolium weist auf eine stärkere Beziehung zwischen 
Ökosystemfunktion und biologischer Vielfalt hin als erwartet”. In dieser Studie verwendeten wir 
die Bromdeoxyuridin (BrdU)-Immunocapture-Technik in Kombination mit Illumina-
Sequenzierung, um zwischen gesamten und aktiven Mikrobiomen (einschließlich Bakterien und 
Pilzen) in der Rhizosphäre von Trifolium pratense zu unterscheiden. In denselben Rhizosphären-
Bodenproben maßen wir auch die Aktivität von drei mikrobiellen, extrazellulären hydrolytischen 
Enzymen (ß-Glucosidase, N-Acetyl-Glucosaminidase und saure Phosphatase), die eine zentrale 
Rolle in der C-, N- und P-Aufnahme spielen. Wir untersuchten den Anteil aktiver und gesamter 
Rhizosphären-Mikrobiome (Bakterien und Pilze) und deren Reaktionen auf ein manipuliertes 
zukünftiges Klima. Zusätzlich identifizierten wir mögliche Zusammenhänge zwischen gesamten 
und aktiven Mikrobiomen und der Funktion des Bodenökosystems (extrazelluläre 
Enzymproduktion). Unsere Ergebnisse zeigten, dass die aktiven Mikroben der Rhizosphäre 42,8% 
bzw. 32,1% der gesamten operativen taxonomischen Einheiten (OTUs) von Bakterien und Pilze 
ausmachten. Aktive und gesamte mikrobielle Fraktionen waren taxonomisch und funktionell 
unterschiedlich und zeigten unterschiedliche Reaktionen auf die physikochemischen Faktoren des 
Bodens. Unsere Ergebnisse deuteten ebenfalls daraufhin, dass die Vielfalt an spezifischen 
funktionellen Gruppen aktiver Mikroben und ihre Gesamtzahl im Rhizosphärenboden signifikant 
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mit den gemessenen Enzymaktivitäten korrelierte, während die Vielfalt der Gesamtmikrobiome 
dies nicht tat. 
Manuskript 3: (Wahdan et al., 2021; Micrbiology Open) Deciphering Trifolium pratense L. (red 
clover) holobiont reveals a resistant microbial community assembly to future climate changes 
predicted for the next 50–70 years. “Das Holobiom von Trifolium pratense L. (Rotklee) zeigt eine 
mikrobielle Gemeinschaft, die gegen voraussehbare Klimaveränderungen in den nächsten 50–70 
Jahren resistent sind”. Wir betrachteten die mikrobiellen Gemeinschaften (Bakterien und Pilze), 
die mit Rhizosphäre, Wurzel, Sprosssystem (Blätter und Stängel) und Blütenendosphären von T. 
pratense assoziiert sind, und bewerteten ihre potenziellen ökologischen und metabolischen 
Funktionen als Reaktion auf die zukünftigen Klimabedingungen. Diese Studie wurde auf den 
extensiv bewirtschafteten Grünlandflächen der GCEF durchgeführt. Unsere Analysen zeigten, 
dass die Differenzierung von Pflanzengeweben die Bildung einzigartiger ökologischer Nischen 
mit spezifischen mikrobiellen Gemeinschaften ermöglicht. Mit Ausnahme der Pilzgemeinschaften 
der oberirdischen Kompartimente zeigten die Mikrobiomdiversität von T. pratense und die 
Zusammensetzung der Gemeinschaften Resistenz gegen die zukünftigen Klimaveränderungen. 
Wir analysierten auch die vorhergesagten bakteriellen Gene mit Stoffwechselfunktionen. Wir 
bekamen dabei Hinweise auf mikrobielle Gene, die an Pflanzenwachstumsprozessen beteiligt sind, 
wie Biofertilisierung (Stickstofffixierung, Phosphorsolubilisierung und Siderophorbiosynthese) 
und Biostimulation (Phytohormon- und Auxinproduktion), die keine Änderungen durch 
zukünftige Klimaveränderungen zeigten. 
Manuskript 4: (Wahdan et al., 2021; Environmental Microbiology) Organic agricultural practice 
enhances arbuscular mycorrhizal symbiosis in correspondence to soil warming and altered 
precipitation patterns. “Die biologische Landwirtschaftspraxis verbessert die arbuskuläre 
Mykorrhiza-Symbiose in Anbetracht von Bodenerwärmung und veränderten 
Niederschlagsmustern”. Diese Studie wurde auf konventionellen und ökologischen Parzellen der 
GCEF sowohl unter aktuellen als auch unter zukünftigen Klimabedingungen durchgeführt. Wir 
untersuchten die Auswirkungen des Klimas und der landwirtschaftlichen Praxis, sowie ihrer 
Wechselwirkung auf die Zusammensetzung und die Vielfalt der Gemeinschaft von arbuskulären 
Mykorrhizapilzen (AMF) in Weizenwurzeln. Darüber hinaus untersuchten wir die Beziehung 
zwischen der molekularen Vielfalt der AMF und dem Weizenertrag. Das zukünftige Klima 
VIII 
 
veränderte die gesamte Zusammensetzung der AMF-Gemeinschaft und die Teilgemeinschaft der 
Glomeraceae. Darüber hinaus veränderten die verschiedenen landwirtschaftlichen Praktiken 
sowohl die gesamte AMF-, als auch die Glomeraceae-Gemeinschaft, wobei der ökologische 
Landbau die gesamten AMF- und die Diversisporaceae-Vielfalt zu steigern schien. Unter dem 
zukünftigen Klimaszenario erhöhte der ökologische Landbau die Gesamtvielfalt von AMF und 
Gigasporaceae im Vergleich zum konventionellen Landbau. Unsere Ergebnisse zeigten eine 
positive Korrelation zwischen der AMF-Vielfalt und dem Nährstoffgehalt von Weizen nicht nur 
im ökologischen Landbau, sondern auch auf konventionell bewirtschafteten Feldern. 
Manuskript 5: (Wahdan et al., 2020; Microorganisms 8, 908) Future climate significantly alters 
fungal plant pathogen dynamics during the early phase of wheat litter decomposition. “Zukünftiges 
Klima verursacht eine erhebliche Veränderung der Dynamik von pflanzenpathogenen Pilzen in 
der frühen Phase der Zersetzung von Weizenstreu”. Diese Studie wurde auf konventionellen 
Ackerbauflächen der GCEF durchgeführt. Wir untersuchten die Struktur und die ökologischen 
Funktionen von Pilzgemeinschaften, die Weizenstreu während der frühen Zersetzungsphase (0, 30 
und 60 Tage) unter aktuellen und zukünftigen Klimabedingungen besiedeln. Wir stellten fest, dass 
pflanzenpathogene Pilze (~ 87% der Gesamtsequenzen) im Mykobiom des Weizenrests 
dominierten. Weizenpathogene, wie Fusarium graminearum, Fusarium tricinctum und 
Zymoseptoria tritici wurden unter Umgebungs- und zukünftigen Klimabedingungen 
nachgewiesen. Außerdem wurden unter dem zukünftigen Klima neue Krankheitserreger im 
System gefunden. 
Manuskript 6: (Wahdan et al., 2021; Microbial Ecology) Life in the wheat litter: effects of future 
climate on microbiome and function during the early phase of decomposition. “Leben im 
Weizenstreu: Auswirkungen des zukünftigen Klimas auf Mikrobiome und deren Funktion 
während der frühen Phase der Zersetzung”. Diese Studie wurde auf konventionellen 
Ackerbauflächen der GCEF durchgeführt. Wir betrachteten die Auswirkungen des Klimawandels 
auf die mikrobielle Vielfalt, die Zusammensetzung der Gemeinschaften, ihre Wechselwirkungen 
und Funktionen (Produktion extrazellulärer Enzyme) bei der Zersetzung von Weizenresten. 
Zusätzlich untersuchten wir die Auswirkungen des Klimawandels auf physikalisch-chemische 
Faktoren von Streurückständen sowie auf den Masseverlust in der frühen Phase der Zersetzung. 
Das zukünftige Klima beschleunigte den Masseverlust im Vergleich zum Umgebungsklima 
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erheblich. Unsere Ergebnisse zeigten, dass das zukünftige Klima die Pilzvielfalt signifikant 
erhöhte und die Pilzgemeinschaften im Laufe der Zeit veränderte, während 
Bakteriengemeinschaften in Weizenresten resistenter waren. Die Pilzgemeinschaften wurden von 
verschiedenen physikalisch-chemischen Eigenschaften der Streu unter Umgebungsbedingungen 
(C, Ca2+ und pH) und zukünftigen (C / N, N, P, K+, Ca2+ und pH) Klimabedingungen beeinflusst. 
Auch unter dem zukünftigen Klima wurden Wechselwirkungen zwischen der Vielfalt an Bakterien 
und an Pilzen festgestellt. Die Aktivität von mikrobieller β-Glucosidase und N-
Acetylglucosaminidase in Weizenstroh war unter zukünftigen Bedingungen signifikant höher. 
Diese hohen enzymatischen Aktivitäten waren mit einer signifikanten positiven Korrelation 
zwischen dem Reichtum an Mikroben (sowohl Bakterien als auch Pilzen) und der 
Zusammensetzung der Gemeinschaft mit diesen beiden enzymatischen Aktivitäten nur unter dem 
zukünftigen Klima verbunden. 
Zusammenfassend stellten wir in dieser Dissertation fest, dass verschiedene mikrobielle Taxa 
unterschiedliche Reaktionen auf manipulierte zukünftige Klimabedingungen zeigen, abhängig von 
ihrer ökologischen Nische, ihrem Ökosystem und der Dauer der Exposition gegenüber dem 
nachgeahmten zukünftigen Klima. Arbuskuläre Mykorrhizapilze in Ackerland (ökologische und 
konventionelle Anbausysteme) erwiesen sich als am empfindlichesten gegenüber 
Klimaveränderungen. Jedoch ermöglichte die organische Bewirtschaftung den AMF-
Gemeinschaften die Auswirkungen des zukünftigen Klimas zu überwinden. Im Allgemeinen 
wurde festgestellt, dass Bakteriengemeinschaften in Pflanzenresten oder in der 
Pflanzenendosphäre gegenüber den zukünftigen Klimabedingungen resistenter sind. Wir 
berichteten auch über den Einfluss des zukünftigen Klimas auf die Beschleunigung der Zersetzung 
organischer Stoffe im Boden, was auf starke Auswirkungen des Klimawandels auf eine der 
wichtigsten Bodenfunktionen hinweist. Schließlich berichteten wir über den Einfluss zukünftiger 
Klimabedingungen auf das Auftreten neuer potenzieller pflanzenpathogener Pilze in den 
Pflanzenresten, was in Zukunft negative Auswirkungen auf die Pflanzenproduktion haben könnte. 
Andererseits könnten klimatische Bedingungen die Ausbreitung von Genomveränderungen 
verursachen. Zukünftige Studien zu mikrobiellen Funktionen sollten daher die Integration 
hochauflösender Metagenom-, Metatranskriptom- und Metaproteom-Ansätze umfassen, um eine 






Soils and plant microbial communities are intricately linked to ecosystem functioning as they play 
important roles in nutrients dynamics as decomposers and feedback to plant communities as 
mutualists and pathogens. Numerous soil physicochemical factors as well as the land use 
management are shaping the composition and dynamics of microbial community. In addition, 
global warming and climate change are the most prominent of all environmental factors that 
influence all kinds of the living organisms including microbes associated to the plant soil systems. 
A better understanding of the environmental drivers shaping these microbial communities 
especially under future climate will help to understand and predict the expected changes of 
ecosystems functions and accordingly of the services they provide. In addition, such knowledge 
will help to detect potential ways on how soil microorganisms can be harnessed to help mitigating 
the negative consequences of climate change. 
The Global Change Experimental Facility (GCEF) is settled in the field research station of the 
Helmholtz Centre for Environmental Research (UFZ) in Bad Lauchstädt, Saxony-Anhalt, 
Germany (51_22’60 N, 11_50’60 E, 118 m a.s.l.). This facility has been designed to investigate 
the consequences of a predicted future climate scenario expected in 50-70 years in Central 
Germany on ecosystem processes under different land-use regimes applied on large field plots in 
comparison to similar sets of plots under the ambient climate. The plots were randomly assigned 
within 5 replicated block for each climate treatments to one of five land-use treatments 
(conventional farming, organic farming, intensively managed grassland, extensively managed 
grassland used meadow, and extensively managed grassland used pasture). We performed our 
study using this research facility, with the aim to analyze the impact of future climate conditions, 
soil physicochemical factors, and/or land use type and intensity on microbial communities in 
different habitats (rhizosphere soil, plant endosphere, and plant residues) in grassland and cropland 
ecosystems. To assess the microbial communities, we used the highly sensitive and powerful high-
throughput next generation sequencing, Illumina Miseq that enable up to 15 Gb of output with 25 




of microbial communities in the GCEF experimental facility. The samples were collected in 2015 
for manuscript 4, while for manuscripts 1, 2, 3, 5, 6, the samples were collected in 2018-2019. 
Manuscript 1: (Sansupa, Wahdan, Hossen et al., 2021; Applied Science 2021, 11, 688) “Can we 
use functional annotation of prokaryotic taxa (FAPROTAX) to assign the ecological functions of 
soil bacteria?” investigated the potential use of FAPROTAX for bacterial functional annotation in 
non-aquatic ecosystems, specifically in soil. For this study, we used microbial datasets of soil 
systems including rhizosphere soil of Trifolium pratense from the extensively used meadow plots 
in the GCEF. We hypothesized that FAPROTAX can be used in terrestrial ecosystems. Our survey 
revealed that FAPROTAX tool can be used for screening or grouping of 16S derived bacterial data 
from terrestrial ecosystems and its performance could be enhanced through improving the 
taxonomic and functional reference databases. 
Manuscript 2: (Wahdan et al., 2021; Frontiers in Microbiology 12:629169) “Targeting the active 
rhizosphere microbiome of Trifolium pratense in grassland evidences a stronger-than-expected 
belowground biodiversity-ecosystem functioning link”. In this study, we used the 
bromodeoxyuridine (BrdU) immunocapture technique combined with pair-end Illumina 
sequencing to differentiate between total and active microbiomes (including both bacteria and 
fungi) in the rhizosphere of T. pratense. In the same rhizosphere soil samples, we also measured 
the activities of three microbial extracellular hydrolytic enzymes, (ß-glucosidase, N-acetyl-
glucosaminidase, and acid phosphatase), which play central roles in the C, N, and P acquisition. 
We investigated the proportion of active and total rhizosphere microbiomes (bacteria and fungi), 
and their responses to the manipulated future climate in the GCEF. In addition, we identified the 
possible links between total and active microbiomes and the soil ecosystem function (extracellular 
enzyme production). Our results revealed that the active microbes of the rhizosphere represented 
42.8 and 32.1% of the total bacterial and fungal operational taxonomic units (OTUs), respectively. 
Active and total microbial fractions were taxonomically and functionally diverse and displayed 
different responses to variations of soil physicochemical factors. We also showed that the richness 
of overall and specific functional groups of active microbes in rhizosphere soil significantly 
correlated with the measured enzyme activities, while total microbial richness did not. 
Manuscript 3: (Wahdan et al., 2021; Microbiology Open 10:e1217) “Deciphering Trifolium 
pratense L. (red clover) holobiont reveals a resistant microbial community assembly to future 
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climate changes predicted for the next 50–70 years”. We investigated the microbial communities 
of bacteria and fungi associated with four plant parts of T. pratense (the rhizosphere and the 
endopheres of the roots, whole shoot system (leaves and stems), and of the flower) and evaluated 
their potential ecological and metabolic functions in response to future climate conditions. This 
study was performed on the GCEF extensively managed grassland plots. Our analyses indicated 
that plant tissue/compartments differentiation enables the formation of a unique ecological niches 
that harbor specific microbial communities. Except for the fungal communities of the aboveground 
compartments, T. pratense microbiome diversity and community composition showed a resistance 
against the future climate changes. We also analyzed the predicted bacterial metabolic functional 
genes of red clover. Thereby, we detected microbial genes involved in plant growth processes, 
such as biofertilisation (nitrogen fixation, phosphorus solubilisation, and siderophore biosynthesis) 
and biostimulation (phytohormone and auxin production), which were not influenced by the future 
climate. 
Manuscript 4: (Wahdan et al., 2021; Environmental Microbiology) “Organic agricultural practice 
enhances arbuscular mycorrhizal symbiosis in correspondence to soil warming and altered 
precipitation patterns”. This study was performed on the conventional and organic farming plots 
under both ambient and future climate conditions. We evaluated the effect of climate (ambient vs. 
future), agricultural practice (conventional vs. organic farming) and their interaction on Arbuscular 
Mycorrhizal Fungi (AMF) community composition and richness inside wheat roots. In addition, 
we evaluated the relationship between molecular richness of indigenous root AMF and wheat yield 
parameters. Future climate altered the total AMF community composition and a sub-community 
of Glomeraceae. Further, application of different agricultural practices altered both total AMF and 
Glomeraceae community, whereby organic farming appeared to enhance total AMF and 
Diversisporaceae richness. Under the future climate scenario, organic farming enhanced total AMF 
and Gigasporaceae richness in comparison with conventional farming. Our results revealed a 
positive correlation between AMF richness and wheat nutrient contents not only in organic farming 
system but also under conventionally managed fields. 
Manuscript 5: (Wahdan et al., 2020; Microorganisms 8, 908) “Future climate significantly alters 
fungal plant pathogen dynamics during the early phase of wheat litter decomposition”. This study 
was performed on the conventional farming plots. We investigated the structure and ecological 
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functions of fungal communities colonizing wheat during the early phase of decomposition (0, 30, 
and 60 days) under current and future climate conditions. We found that plant pathogenic fungi 
dominated (~87% of the total sequences) within the wheat residue mycobiome. Destructive wheat 
fungal pathogens such as Fusarium graminearum, Fusarium tricinctum, and Zymoseptoria tritci 
were detected under ambient and future climates. Additionally, the future climate brought new 
pathogens to the system. 
Manuscript 6: (Wahdan et al., 2021; Microbial Ecology 10.1007/s00248-021-01840-6) “Life in 
the wheat litter: effects of future climate on microbiome and function during the early phase of 
decomposition”. This study was performed on the conventional farming plots. We assessed the 
effects of climate change on microbial richness, community compositions, interactions and their 
functions (production of extracellular enzymes) in decomposing residues of wheat. In addition, we 
investigated the effects of climate change on litter residues physicochemical factors as well as on 
mass loss during the early phase of decomposition. Future climate significantly accelerated litter 
mass loss as compared with ambient one. Our results indicated that future climate significantly 
increased fungal richness and altered fungal communities over time, while bacterial communities 
were more resistant in wheat residues. Fungi corresponded to different physicochemical elements 
of litter under ambient (C, Ca2+ and pH) and future (C/N, N, P, K+, Ca2+ and pH) climate 
conditions. Also, a highly correlative interactions between richness of bacteria and fungi were 
detected under future climate. Activities of microbial β-glucosidase and N-acetylglucosaminidase 
in wheat straw were significantly higher under future climate. Such high enzymatic activities were 
coupled with a significant positive correlation between microbial (both bacteria and fungi) richness 
and community compositions with these two enzymatic activities only under future climate. 
Our six studies enabled us to draw some general conclusions. First it is hard to generalize the 
influence of climate change on microbial traits across different habitats and ecosystems. We found 
that different microbial taxa exhibited various responses to the manipulated future climate 
conditions, which depended from their ecological niche and the period of exposure to the future 
climate. The immediate response to climate change was evident in case of AMF richness and 
community composition of root endophytic microbes of wheat in cropland ecosystem. In addition, 
future climate altered both richness and community structure of fungi colonizing plant residues in 
soil. Moreover, we detected the influence of climatic conditions on specific fungal guilds, as newly 
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potentially plant pathogenic fungi were detected in plant residues only under future climate 
conditions, which may have negative consequences for crop production in the future. We also 
reported the influence of future climate on accelerating the decomposition of organic matter in 
soils, indicating the high impact of climate change on one of the most important soil function. On 
the other hand, bacterial communities in soil, plant endosphere or litter residues were found to be 
more resistant to the future climate conditions. We also did not report any influence of the future 
climate on the proportion of active microbiomes in the rhizosphere soil of red clover in grasslands 
which was accounted by 43 and 35% of the detected bacterial and fungal community richness, 
respectively (based on BrdU immunocapture and Illumina sequencing). Secondly, the intensity of 
land management was found to alter the AMF community composition in croplands. While 
conventional farming practice reduced the richness of AMF in plant roots, the organically managed 
fields enhanced AMF richness. Moreover, organic farming enhanced AMF communities to 
overcome the effect of future climate by enhancing important specific taxa (Glomeraceae and 
Diversisporaceae). Thirdly, in case of host (plant) associated bacterial and fungi, the tissue 
differentiation of the host due to varied distribution of nutrient sources and available oxygen was 
the main driver of their respective endomicrobiomes. Finally, edaphic factors such as soil organic 
matter and moisture, C/N, N, P, K+, Ca2+ and pH played a significant role in shaping microbial 
community compositions. However, the future climate was found to alter the correlations between 
these factors and microbial communities. Briefly, the interplay between the climatic factors, 
edaphic factors, land use management, and host tissue differentiation are different driving forces 
of the microbial traits (diversity, community composition, ecological functions, functional genes, 
activities and interaction) and consequently of ecosystem functional processes. To provide holistic 
and accurate view on the microbial functions under future climate, further studies including the 
integration of the high‐resolution metagenome, metatranscriptome, and metaproteome approaches 
are necessary as extreme climatic conditions could cause changes at the genomic level of the 
microbial cell that is beyond detection using our high-throughput next generation sequencing 









































                                                                      
I-1 Ecosystem functions carried out by soil and plant microbiomes 
Microorganisms are the most widespread, diverse and ancient living form on Earth (Bertrand et 
al., 2015). They have a cosmopolitan distribution in all habitats, including soils, oceans, and 
atmosphere as well as associated with host organisms (plants, animals, insects, arthropods, etc) 
(Monard et al., 2016;Woodhams et al., 2020). Soils are the substratum of all terrestrial ecosystems 
and are the foundation of a vast diversity of microbes (Bar-On et al., 2018). Additionally, plants 
associate with a wide array of microorganisms known as “plant microbiome” in their rhizosphere, 
phyllosphere (plant aerial surfaces), and endosphere (internal tissues), collectively forming a meta-
organism (Hassani et al., 2019). Plants recruit their microbiomes from surrounding microbial 
reservoirs such as the soil/rhizosphere, the phyllosphere, the anthosphere, the spermosphere and 
the carposphere (Vandenkoornhuyse et al., 2015;Compant et al., 2019). Furthermore, the “residue 
sphere”, the microhabitat consisting of all plant residues and decomposing litters (Kerdraon et al., 
2019), whether buried or non-buried is a unique habitat for microbial communities. The residue 
sphere is an ecotone between soil and plant, therefore it comprises microbes that are inherited from 
the plant phyllosphere in addition to soil microbes (Kerdraon et al., 2019). In this thesis, the focus 
is on the microbiota inhabiting the rhizosphere, plant endosphere (root, shoot system (leaves 
and stems), and flower endospheres) and plant residues. 
Microbial biomass accounts by 103–104 kg/hectare of surface soils (Baldrian et al., 2012). 
Prokaryotes are estimated to comprise of 106-108 taxonomic groups, while global fungi are 
estimated at 6 million species (Taylor et al., 2016). In addition to the enormous microbial 
taxonomic diversity, their functional diversity and multi-functionality contribute to several 
ecosystem services by maintaining multiple functional pathways (Delgado-Baquerizo et al., 
2016;Saccá et al., 2017). Soil and plant microorganisms interact with each other as well as with 
plants in a myriad of ways that carry out the ecosystem services. The main ecosystem services 
supported by soil and microorganisms could be categorized into: regulating, supporting, 
provisioning, and cultural services (Saccá et al., 2017). For example, the roles of microorganisms 
in organic matter mineralization or decomposition are key in nutrient cycling and soil formation, 
which are considered the main supporting ecosystem services. Organic matter decomposition is 





(e.g. litter, roots, dead organisms) involves four stages, (a) breakdown of labile compounds such 
as sugars, starches, and proteins; (b) breakdown of refractory structural compounds such as 
cellulose, hemicellulose, chitin, and lignin that may take several years to decompose; (c) 
breakdown of waxes and the phenols that may take up to ~10 years to decompose; and (d) 
breakdown of compounds that take thousands of years to decompose, which include humus-like 
substances. Therefore, the decomposition rate is the main determinant of the service provided by 
microbes; fast decomposition contributes to nutrient cycling that meets plant intake requirements, 
while slow decomposition leads to build-up of nutrient stocks in soil (Krishna and Mohan, 
2017;Sahu et al., 2017). In addition, the functional roles carried out by microorganisms to enhance 
plant growth contribute to the supporting services of the ecosystems, such as plant-associated 
nitrogen-fixing rhizobacteria that fix atmospheric nitrogen in the soil. Additionally, a large number 
of microorganisms including bacteria, fungi and actinomycetes enhance ion solubilization and 
easier uptake by plants. For example, only 0.1% of soil phosphorus is available for plant use. 
Therefore a group of phosphorus solubilizing microorganisms secretes organic acids that lower 
the pH, helping the dissolution of adsorbed phosphates in soil (Alori et al., 2017). Arbuscular 
mycorrhizal fungi (AMF) also provide support and regulation of ecosystem services, as they play 
a key role in maintaining soil structure via the formation of water-stable soil aggregates through 
their extra-radical mycelium and production of the glomalin protein leading to a reduction in soil 
erosion (Mardhiah et al., 2016). In addition, AMF enhance plant resistance toward biotic and 
abiotic stressors, promote plant health and crop productivity. Similarly, plant growth-promoting 
bacteria (PGPB) produce phytohormones like auxin, cytokinin, and gibberellin that enhance plant 
growth through modulating endogenous hormone levels. Moreover, other PGPB secret an enzyme, 
1-aminocyclopro pane-1-carboxylate (ACC) deaminase, which reduces the level of stress hormone 
ethylene in the plant helping plants to cope with external environmental stressors (Compant et al., 
2019). 
I-2 Biodiversity and functional diversity and maintenance of ecosystem functions 
Biological diversity, or biodiversity, is defined as “the variety of life on Earth at all its levels, from 
genes to ecosystems, and the ecological and evolutionary processes that sustain it” (Gaston, 1996). 
Previous studies reported an increase of the ecosystem functions associated with increasing 





hand, the loss of biodiversity was reported to alter the ecosystem functions (Lyons and Schwartz, 
2001;Oliver et al., 2015). Because species are not equally influencing the ecosystem functioning, 
as their functional traits matter to carry out the ecosystem processes (Mouchet et al., 2010), 
functional diversity is necessary for the maintenance of these processes. Functional diversity is “a 
component of biodiversity that generally concerns the range of things (the number, type and 
distribution) that organisms do in communities and ecosystems rather than their evolutionary 
history” (Petchey and Gaston, 2006). The functional diversity can be measured by the appropriate 
and important traits that are able to explain and predict variation in ecosystem processes. For 
microbes, a broad classification based on their trophic modes (e.g. saprotrophs, symbiotrophs, 
pathotrophs) or on how they gain their energy and carbon (e.g. phototrophs and chemotrophs) or 
on their metabolic potential were proposed to assess functional diversity. It was also proved that 
an increase in species richness and diversity increases functional diversity, leading to an increase 
in ecosystem stability (Tilman et al., 1996;Cadotte et al., 2011). 
I-3 Total vs. active microbial diversity for assessing ecosystem functions 
Understanding the structure and function of microbial communities is central to predicting how 
ecosystems function and respond to environmental drivers. Previous studies have found a 
significant relationship between soil microbial functional and taxonomic diversity and ecosystem 
functions (Trivedi et al., 2016;Trivedi et al., 2019;Morris et al., 2020). However, whether to 
consider the total or active microbial fraction to study ecosystem functions is still under debate. 
Recent evidence suggests that a large portion of microbes detected in soils are not directly 
contributing to the functions, as they are dead or falsely detected (extracellular DNA) or in a 
dormant state (Blagodatskaya and Kuzyakov, 2013). These forms of DNA can obscure microbial 
biodiversity-ecosystem function studies by masking active microbiomes which are actually 
involved in the ecosystem processes (Lennon and Jones, 2011). The active microbial biomass is 
defined as the portion of total microbial biomass that 1) is involved in current utilization of 
substrates, or 2) readily responds to substrate input e.g., by enhanced respiration and enzyme 
production, or 3) is growing and reproducing (Blagodatskaya and Kuzyakov, 2013); consequently, 
all ecosystem processes are related to the active microbiomes. Blagodatskaya and Kuzyakov 
(2013) estimated that only about 0.1-2%, and very seldom 5%, of the microbial biomass is 





active soil microbiome (Lennon and Jones, 2011). In our own study, we found that 43 and 35% of 
the detected bacterial and fungal community richness, respectively, represented the active 
members (Wahdan et al., 2021). From the very start of soil microbiological studies, culture-based 
methods have been used to assess microbial viability, and this approach inherently only captured 
exclusively active microorganisms. However, culture-independent assessments of microbiomes, 
particularly through DNA sequencing, cannot differentiate between living and dead cells. 
Therefore, many techniques were developed to differentiate living and/or dead cells as part of 
culture-independent approaches. Among applicable techniques to microbial cells are the viability 
indicator propidium monoazide, RNA-based methods, proteins-based methods (e.g. proteomics 
and BONCAT), and viability assays based on cellular metabolism (e.g. ATP as a biomarker, 
isotope probing), and Bromodeoxyuridine for detecting active replicating cells (Emerson et al., 
2017). Previous studies have shown that the active microbiomes are clearly different from the total 
one in terms of community composition and functional potential, and therefore more accurately 
reflect the functions carried out by microbes. For instance, De Vrieze et al. (2018) used the DNA 
and the16S rRNA gene transcripts to estimate the difference between the total and active microbial 
community in anaerobic digestion reactors. They found that the active community were highly 
correlated with important operational parameters such as volatile fatty acids and acetate 
production. In another study, the active diversity (determined by metaproteomics) was related to 
the availability of organic C and it was connected to the ecosystem multi-functionality index in 
soil under semi‐arid climate (Bastida et al., 2016). On the other hand, further forms of extracellular 
DNA in soils are important for microbial communities in certain contexts, for example as available 
nutrients, sources of genetic material, historical representations of past organisms or ecological 
conditions (Emerson et al., 2017). In addition, to assess the ecosystem functions in accordance to 
changing climates and environmental conditions, the dormant diversity must be considered as 
principal fraction of the community. Dormancy is the trait that allows species to withstand 
temporal variability of environmental and climatic conditions. This bet-hedging strategy allows 
dormant individuals to become members of a seed bank, which can contribute to the diversity and 







I-4 Factors influencing soil and plant microbiota 
Understanding processes and factors that govern the composition of microbial communities is one 
of the most demanding scientific challenges. Generally, the diversity, structure and composition 
of microbial communities are influenced by stochastic and deterministic factors (Stegen et al., 
2012). Stochasticity is associated with random ecological drift, probabilistic dispersal, and 
evolutionary diversification that generate divergence in the patterns of community composition, 
while determinism is dictated by selection, abiotic environmental filtering, and various biological 
interactions (e.g., competition, mutualism, and predation) determining the fitness and abundance 
of species (Stegen et al., 2012;Zhou and Ning, 2017;Luan et al., 2020). In this thesis, the focus is 
on the deterministic factors that shape microbial communities of soil, the plant holobiont, and 
decomposing plant residues in cropland and grassland ecosystems. Beside edaphic variables, 
global changes including climatic and land use changes are considered the environmental drivers 
that influence microorganisms in soils in most ecosystems worldwide (Figure 1). Similarly, many 
factors influence microbial composition in plant organs; these factors may include soil pH, salinity, 
soil type and structure, moisture and organic matter and exudates (Fierer, 2017), which are most 
relevant for belowground plant parts, while external environmental conditions including climate, 
pathogen presence and human practices influence microbiota of above- and below-ground plant 
parts. 
 





I-4.1 Elements of climate changes   
Earth's climate is changing naturally on a geological scale, however, recent evidence points 
towards human activity as a primary component of current global climate changes. Current climate 
change is mostly associated with rising atmospheric greenhouse gases such as carbon dioxide 
(CO2), methane (CH4) and nitrous oxide (N2O) leading to increased global temperatures. 
According to the Intergovernmental Panel on Climate Change (IPCC), agriculture, forestry and 
other activities accounted for around 13% of CO2, 44% of CH4, and 81% of N2O emissions from 
human activities globally during 2007-2016, representing 23% of total net anthropogenic 
emissions of greenhouse gases. Such emissions result in raising mean daily and annual 
temperatures. From 1850-1900 to 2006-2015 mean land surface air temperature has increased by 
1.53°C and summer drought periods have increased accordingly. Raising temperature causes 
changes in the hydrological balance, therefore, evaporation and precipitation exhibit altered 
patterns. According to the models that project changes of the future climate, over oceans, the 
overall geographical pattern is expected to follow a “wet gets wetter, dry gets dryer” trend (Stocker 
et al., 2013), but over the continents, it has been less clear to what extent this trend applies (Ingram, 
2016). Over the past six decades, observations and climate models showed robust increases of both 
total and extreme precipitations over dry and wet regions. Climate projections for the rest of the 
century show continued intensification of daily precipitation extremes (Donat et al., 2016). 
However, climate change does not totally fit to the projection models, in particular due to 
exceptional events. For example, the year 2018 was exceptional for Central Europe, with one of 
the most severe and long-lasting summer drought and heat waves (Schuldt et al., 2020). Across 
Austria, Germany and Switzerland, the 2018 mean growing season air temperature (April to 
October) was 3.3°C higher than the long-term average from 1961 to 1990, and 1.2°C higher than 
mean growing season air temperature of the record-breaking 2003 summer. Mean growing season 
precipitation was as low as during previous record drought events in 1911, 1947, 1976 and 2003. 
As part of the global change, the frequency and intensity of such special climatic events tend to 
increase but is impossible to predict. This has inspired the design of the Global Change 






I-4.2 Climate changes influence microbes in an interacting, complex manner 
Based on the adaptive capacity or the sensitivity of the microorganisms to external stressors, they 
respond to climate changes in different ways. In general, some microbes overcome effects of 
climate change owing to their resistance or resilience against extreme climatic events. However, 
climate change can affect microorganisms directly via physiological stress that leads to altering 
microbial diversity, community and functional composition or indirectly via changing the 
interactions among species. These changes might lead to altering of ecosystem services provided 
by microbes (Figure 1). Changes among those microbial taxa that regulate specific and important 
processes in relation to ecosystem functions such as atmospheric N fixation have a direct impact 
on the ecosystem. In addition, other non-specific processes carried out by wide range of 
microorganisms due to the functional redundancy should be less influenced. With this background, 
it is necessary to consider a combination of all traits (diversity, community composition, ecological 
functions, functional genes, activities and interaction) of microbial communities to obtain a 
comprehensive insight into the actual microbial response to climate changes. 
Microbial resistance or resilience to climate changes; Microbial communities may resist changing 
climatic conditions due to their trait plasticity or may show resilience and return to their original 
composition after the disturbance (Allison and Martiny, 2008). Acclimation and adaption to 
climate changes depends on regulation of gene transcription and translation and/or accumulation 
of mutations or acquisition of new genes through horizontal gene transfer (Jansson and Hofmockel, 
2020). These processes are mainly controlled by the exposure time to extreme environmental 
conditions and the microbial traits, e.g. gradual climate changes allow more time for evolution by 
selection of genes enabling microbial resistance (Jansson and Hofmockel, 2020). Also, fast 
growing microbial communities may respond more rapidly to external stressors, while slow 
growing communities may have long lag phases to responses.  
Influence of climate changes on microbial distribution, diversity and/or community composition; 
The IPCC estimates that 20–30% of species would be at high risk of extinct if the actual global 
temperature rise exceeds 2–3 °C (Bálint et al., 2011;Warren et al., 2013). The loss of microbial 
diversity in relation to climate change has been reported in different ecosystems, e.g., a global 
study across all continents reported that increasing the degree of aridity in drylands as expected 





(Maestre et al., 2015). Several studies have demonstrated a shift of microbial communities due to 
exposure to higher CO2 levels, elevated temperatures, drought stress, and altered precipitation 
patterns (Jansson and Hofmockel, 2020). For instance, soil warming by 5°C above ambient 
temperature in a temperate forest has decreased fungal abundance, increased abundance of bacteria 
and shifted bacterial beta diversity (DeAngelis et al., 2015). In decomposing plant litter, bacterial 
communities were found to shift in response to changing climates accompanied by the degradation 
of different carbon compounds of the litter organic matter (Glassman et al., 2018).  
Influence of climate change on the ecologic and metabolic functional composition of microbial 
communities; Natural microbial communities provide various ecological functions. Some 
microbes are beneficial, while others are pathogens. Since climate change alters species 
distribution and diversity, these changes are coupled with altered microbial ecological functions 
(Classen et al., 2015). For instance, a global survey of fungal guilds associated with warming 
experiments indicated that increasing temperature resulted in increases in the relative abundances 
of potential fungal plant pathogens in soils (Delgado-Baquerizo et al., 2020). Additionally, we 
found in a simulated scenario of future climate in cropland altered fungal plant pathogen dynamics 
in plant residues (Wahdan et al., 2020). These results indicate an increasing risk of infection in 
important crops, which will affect plant productivity and world food security in the future. 
Moreover, it is hypothesized that global warming will also bring new fungal pathogens for 
mammals (Garcia-Solache and Casadevall, 2010). On the other hand, climate change may also 
impact microbes on the genomic or metabolic levels. For instance, elevated CO2 stimulated 
bacterial functional genes involved in organic matter decomposition, methane metabolism, 
nitrogen fixation, denitrification and N mineralization, while elevated CO2 and warming inhibited 
genes involved in denitrification and ammonification in grassland ecosystem (Yu et al., 2018).  
Influence of climate changes on microbe-microbe interactions; Strong correlative interactions 
among microbial members help the communities to stand against environmental stress. However, 
numerous studies showed that climate changes shift species interactions leading to altering of the 
biodiversity, community dynamics and the corresponding functions of the ecosystems (Harley, 
2011;Classen et al., 2015). 
Influence of climate changes on plant-associated microbiomes; Similar to soil microbes, climate 





However, it is more likely for these microbes to be affected by their host response to climate 
changes. Recent studies have reported that climate change has led to shifts in plant phenology, 
species distribution, and population dynamics, and has contributed to the emergence of new 
potential fungal plant pathogens (Franklin et al., 2016). For example, with warming, plant species 
are migrating to higher elevations and latitudes (Classen et al., 2015). As a response to the direct 
or indirect effect of climate changes on the plant microbiome, microbes may show a flexible 
dynamic reconstruction of their composition by increasing and/or decreasing the abundance of 
specific microbes and/or by colonisation of novel microbes that facilitate the host adaptation to 
external stress (Bulgarelli et al., 2013;Haney et al., 2015). However, enhanced microbiome 
flexibility increases the risk of undesirable microbe enrichment and pathogen invasion with a 
concomitant loss of beneficial microbes (Voolstra and Ziegler, 2020). Beneficial microbiome 
flexibility depends on the dynamics within beneficial microbes that maintain high levels of 
functional redundancy in the original microbial communities. In another scenario, the microbiome 
may respond to environmental changes by exhibiting resistance or by maintaining a constant 
community structure (Allison and Martiny, 2008). 
I-4.3 Environmental factors controlling the response of microorganisms to climate changes 
In different ecosystems, microbes do not respond similarly to elements of climate change. This is 
attributed to differences in the physical environment of each ecosystem. For instance, each 
ecosystem has various geographic locations (latitude and elevation), varies in the degree of land 
use intensity and each soil system has unique chemical, physical and geological characteristics 
such as pH, salinity and moisture, as well as vegetation features. A global meta-analysis 
(Thompson et al., 2017) of bacterial and archaeal communities reported an environment-dependent 
pattern of alpha-diversity and beta-diversity of microbial taxa. In addition, edaphic properties 
shaped microbial communities, e.g. microbial diversity increases at lower latitudes, richness 
increases up to neutral soil pH and decreases above (Thompson et al., 2017). Also, raising soil 
temperature (up to at least 26 °C) increases microbial richness (Thompson et al., 2017). Similarly, 
a meta-analysis (Vetrovsky et al., 2019) of global fungal distribution revealed that environmental 
factors explain the variation of fungal community composition. Moreover, climatic (temperature 
and precipitation) and edaphic (bulk density and pH) factors are the most deterministic elements, 





(Kivlin et al., 2011) of global diversity and distribution of arbuscular mycorrhizal fungi (AMF) 
reported that environmental factors such as soil temperature, soil moisture, relative humidity, soil 
pH, and soil series affect AMF distributions. Other factors such as latitude and plant communities 
in forests, grasslands, agriculture land, and wetland also drive AMF community compositions. 
Additionally, local AMF communities are affected by dispersal limitation between sites (Kivlin et 
al., 2011). Therefore, it is hard to generalize the influence of climate change on microbial behavior 
(Jansson and Hofmockel, 2020). Understanding the fine-scale characteristics of each soil 
ecosystem is required to define its specific microbial communities and accordingly to understand 
how climate change influences each community composition.  
I-5 Interplay between climate and land use intensity in agroecosystems 
Previous findings imply that different ecosystems and land use systems are sensitive to climate 
change to different degrees (Gruner et al., 2017). In turn, land use intensity can significantly 
modify regional and global climate. Among ecosystems sensitive to climate changes, 
agroecosystems gain the highest attention due to their importance in providing a crucial service to 
humanity by meeting the food and feed demands of the globally growing population. These 
systems also have a major contribution to future climate changes. For instance, the food systems, 
including crop and livestock production, is responsible for up to a third of total anthropogenic 
greenhouse gas emissions (Vermeulen et al., 2012). Grasslands and croplands represent ~22% and 
~12% of the global land area, respectively (Ramankutty et al., 2008), therefore they have essential 
roles in climate changes, carbon cycle, water resources, etc.  
Grassland ecosystems: The FAO reports that grasslands cover 69 % of the world's agricultural 
area and store an estimated 20% of the total soil carbon stock (O'Mara, 2012;Jansson and 
Hofmockel, 2020). The intensity of grasslands uses by human regulates their response to future 
climate and, accordingly, the response of inhabiting biota and their corresponding functions. For 
example, it is estimated that grazing land management and pasture improvement (e.g. through 
managing grazing intensity, improved productivity, etc.) have a global technical mitigation 
potential of almost 1.5 Gt CO2 equivalent in 2030, with additional mitigation possible from 





Cropland ecosystems: Due to the great expansion of croplands from 2000-2010, emissions from 
crop management grew by about 1% yr−1 (Tubiello et al., 2015). However, field investigations and 
meta-analyses indicate that changing management practices can mitigate the climate changes by 
reducing emissions and improve crop yields at the same time (Feng et al., 2013;Chen et al., 2014). 
Good agricultural management practices not only help to mitigate climate changes, but also 
influence microbial communities and their functions and accordingly the ecosystem services they 
provide. In contrast to conventional agriculture, organic agriculture sustains the health of soils, 
ecosystems and promotes biodiversity. The impact of agricultural practice was assessed on soil 
microbial community in a long-term field experiment (Hartmann et al., 2015); thereby, organic 
farming increased richness, reduced dispersion and shifted the structure of the soil microbiota in 
comparison to conventionally managed soils under exclusively mineral fertilization. This effect 
was largely attributed to the use and quality of organic fertilizers. Systems receiving organic 
fertilizer were characterized by specific microbial guilds known to be involved in degradation of 
complex organic compounds (Hartmann et al., 2015). On the other hand, systems not receiving 
organic fertilizers harbored dispersed and functionally versatile microbial communities (Hartmann 
et al., 2015). In another analysis that reported the results of a 21-year study of organic vs. 
conventional farming systems in Central Europe concluded that higher biodiversity and soil 
fertility was found only under organic practices (Maeder et al., 2002). 
I-6 Study site, and overall objectives   
All studies realized in the framework of this thesis were conducted in the Global Change 
Experimental Facility (GCEF) that is settled at the field research station of the Helmholtz Centre 
for Environmental Research in Bad Lauchstädt, Saxony-Anhalt, Germany (51°22'60 N, 11°50'60 
E, 118 m a.s.l.). This facility has been designed to investigate the consequences of a predicted 
future climate scenario on ecosystem processes under different agricultural land-use regimes on 
large field plots in comparison with ambient climate (Schädler et al., 2019). The future climate 
treatment is a consensus scenario across three models (COSMO-CLM (Rockel et al., 2008), 
REMO  (Jacob and Podzun, 1997) and RCAO (Döscher et al., 2002)) of climate change in Central 
Germany for the years between 2070 and 2100. The area is characterised by a subcontinental 
climate and prevailing west winds (mean temperature, 8.9 °C and mean annual rainfall, 498 mm 





period 1995–2014). During 2015, the mean temperature was 10.7 °C with an annual rainfall of 400 
mm, while during 2018, the mean temperature was 10.8 °C with an annual rainfall of 254 mm. 
The soil of the study field is Haplic Chernozem, characterised by a high content of organic carbon 
down to a depth of more than 40 cm and a high water-holding capacity (Altermann et al., 2005). 
GCEF consists of 50 field plots (400 m2 each), the two halves of which are subjected to ambient 
and future climate scenario, respectively (Figure 2). For this, future climate plots are equipped 
with mobile shelters and side panels as well as an irrigation system, the roofs are controlled by a 
rain sensor. Precipitation is reduced by ~20 % in summer months and increased by ~10 % in spring 
and autumn. The shelters and panels automatically close from sundown to sunrise to increase the 
daily mean temperature by ~0.5 °C, and over all seasons of the year by ~2°C. The plots were 
arranged in a split-plot design with climate regime (ambient vs. future) as the main plot factor and 
land use (conventional farming, organic farming, intensively managed grassland, extensively 
managed grassland used meadow, and extensively managed grassland used pasture) as the subplot 
factor (Figure 2). The philosophy of the GCEF is that by modulating the actual real climate in a 
passive way (without heating), the future climate treatment includes all special events such as the 
exceptional drought of 2018, which was, due to the higher temperature, accentuated compared to 







Figure 2. (a) Aerial view of the Global Change Experimental Facility (GCEF) field research 
station of the Helmholtz Centre for Environmental Research in Bad Lauchstädt, Saxony-Anhalt, 
Germany, photo taken by Tricklabor Berlin/Service Drone; (b) Opened shelters and panels of the 
ambient climate plots of the GCEF, photo taken by UFZ/ André Künzelmann; (c) Closed shelters 
and panels of the future climate plots of the GCEF, photo taken by UFZ/ André Künzelmann; (d) 
The 5 land-use types are randomly arranged in blocks, which are subjected to ambient or future 
climatic conditions, copied from https://www.ufz.de/index.php?en=40042. 
All studies we performed had the common goal to investigate the role of climate change, soil 
properties, and/or land use intensity in determining the diversity and composition of soil, plant and 
decomposing litter microbial communities. We also aimed to investigate the influences of the 
previously mentioned factors on active and total microbial communities in soil. Due to the large 
infrastructure of the GCEF, it would have been impossible to include all land uses for each working 





present in specific land use system along the simulated future climate scenario. Our own 
experiments were performed on the plots of two ecosystems; (i) extensively managed grassland 
and (ii) crop land (conventional and organic farming) subjected to both ambient and future climates 
(Figure 3).  
 
Figure 3. Presentation of the working packages performed on the GCEF for this thesis, slightly 
modified from https://www.ufz.de/index.php?en=40042. 
I-7 Methods used for the taxonomic and functional characterization of the microbiomes 
We used the high-throughput sequencing technology paired-end Illumina MiSeq to characterize 
the V3–V4 and V5–V7 regions of the bacterial 16S rRNA, the internal transcribed spacer region 
of the fungi (ITS2) and the AMF 18S rRNA gene amplicons. Currently, the Illumina sequencing 
provides the highest yields as well as the highest quality data. The bacterial 16S rRNA gene 
contains nine hypervariable regions (V1–V9). These 16S rRNA gene regions are the most 
commonly genetic marker used to study bacterial phylogeny and taxonomy for a number of 
reasons; (i) their presence in all bacteria, often existing as a multigene family, or operons; (ii) the 





regions making use of universal primers possible and also enabling classification of new sequences 
at high taxonomic levels than genera or species (families, order etc.); and (iii) the 16S rRNA gene 
(1,500 bp) is large enough for bioinformatics data analyses (Janda and Abbott, 2007). The nuclear 
ribosomal DNA internal transcribed spacer (ITS) has been widely used to assess the fungal 
taxonomy as it is considered as the formal barcode marker for fungi (Schoch et al., 2012). Because 
of the multicopy nature of ITS, amplification is easy from samples containing low DNA 
concentrations (Vilgalys and Gonzalez, 1990). The majority of natural Glomeromycota diversity 
data have been obtained by targeting the gene of ribosomal small subunit RNA (18S rRNA) (Opik 
et al., 2010) 
In this thesis, bacterial trophic modes and ecological guilds were predicted using the FAPROTAX 
tool (Louca et al., 2016). FAPROTAX is a database that maps prokaryotic clades (e.g. genera or 
species) to established metabolic or other ecologically relevant functions (e.g. nitrogen fixing 
bacteria, pathogenic bacteria, nitrate respiration, methanogens, fermentation) using the current 
literature on cultured strains. Additionally, we used the Tax4Fun (Aßhauer et al., 2015) R package 
to predict the metabolic functional genes of bacteria. Tax4Fun employs 16S rRNA gene-based 
taxonomic information, and the Kyoto Encyclopaedia of Genes and Genomes (KEGG) database 
to predict the metabolic functional attributes of bacterial communities. Tax4Fun converted the 
SILVA-labelled operational taxonomic units (OTUs) into prokaryotic KEGG organisms and 
normalized these predictions using the 16S rRNA copy number (obtained from the National Center 
for Biotechnology Information genome annotations). Fungal guilds were predicted using 
FUNGuild, which is a tool that can be used to taxonomically parse fungal operational taxonomic 
units OTUs by ecological guild independent of sequencing platform or analysis pipeline (Nguyen 
et al., 2016). 
I-8 Presentation of aims and hypotheses of the publications/manuscripts in different chapters 
This thesis constitutes the first assessment of microbial communities (bacteria, general fungi, and 
arbuscular mycorrhizal fungi), their functions and their interactions with various environmental 
factors (including future climate changes of the next 50 – 70 years) in different ecosystems 
including grassland and cropland of the GCEF. While annotations of fungal ecological functions 
from taxonomic data obtained by high-throughput sequencing (meta-barcoding) using FUNGuild 





(including soils), annotations of potential ecological functions of bacteria in soils are under debate. 
Therefore, in the first chapter, we aimed to validate the use of “Functional Annotation of 
Prokaryotic Taxa (FAPROTAX)” annotation tool to assign the ecological functions of bacteria in 
terrestrial habitats.  
The results of this thesis are presented along six chapters (validation of FAPROTAX (chapter 1), 
grassland ecosystem (chapters 2 and 3) and cropland ecosystem (chapters 4, 5 and 6)). The chapters 
corresponded to three publications, one accepted manuscript, and two manuscripts currently 
submitted to peer-reviewed journals. While the first two chapters have a method assessment 
character concerning the power of FAPROTAX in terrestrial ecosystems (Chapter 1) and the 
power of bromodeoxyuridine (BrdU) immunocapture technique to target active soil 
microorganisms (Chapter 2), each chapter contributes to the characterisation of specific microbial 
groups and niches of the plant soil systems under actual and future climate and/or in relation to 
land use management: bacterial rhizosphere and bulk soil in chapter 1, bacterial and fungal 
rhizosphere in chapter 2, and in different plant organs in chapter 3, AMF in relation to co-variations 
of climate and land use in chapter 4, enhancement of plant fungal pathogen pressure resulting from 
plant residue decomposition under actual and future climate in chapter 5, and the link between 
these residue decomposition and changes in functional fungal groups in chapter 6. Here we 
summarize the content of the manuscripts related to each chapter and the hypotheses we 
ambitioned to test.   
Chapter 1: (Sansupa*, Wahdan*, Hossen* et al., 2021; Applied Science 2021, 11, 688) Can we 
use functional annotation of prokaryotic taxa (FAPROTAX) to assign the ecological functions of 
soil bacteria? This study aimed to investigate the potential use of FAPROTAX for bacterial 
functional annotation in non-aquatic ecosystems, specifically in soil. For this, we used different 
microbial datasets collected from different soil systems including rhizosphere soil of Trifolium 
pratense and bulk soils from extensively managed meadow GCEF plots. We also compared the 
uses of FAPROTAX with Tax4Fun. We hypothesized that FAPROTAX is compatible with 
terrestrial ecosystems.  
*Equal contribution to the work. 
Chapter 2: (Wahdan et al., 2021; Frontiers in Microbiology 12:629169) Targeting the active 





belowground biodiversity-ecosystem functioning link. This study was performed on the 
extensively managed grassland plots. We investigated the proportion of active and total 
rhizosphere microbiomes (bacteria and fungi), and their responses to a simulated future climate. 
In addition, we identified possible links between total and active microbiomes and the soil 
ecosystem function (production of microbial extracellular enzymes). We hypothesized that the 
relationship between biodiversity–ecosystem functioning obtained from active rhizosphere soil 
microbiome to be stronger than the one from the total rhizosphere microbiome. 
Chapter 3: (Wahdan et al., 2021; Microbiology Open) Deciphering Trifolium pratense L. (red 
clover) holobiont reveals a resistant microbial community assembly to future climate changes 
predicted for the next 50–70 years. This study was performed on the extensively managed 
grassland plots. We investigated the responses of the microbiomes associated with four parts of T. 
pratense (the rhizosphere and the root, shoot system (leaves and stems), and flower endospheres) 
to evaluate their potential ecological and metabolic functions in responding to future climate 
conditions. We hypothesized that the plant compartments/ecological niches and climate are the 
primary and secondary factors that respectively drive the recruitment of T. pratense-associated 
microbiomes and their potential functions. 
Chapter 4: (Wahdan et al., 2021; Environmental Microbiology) Organic agricultural practice 
enhances arbuscular mycorrhizal symbiosis in correspondence to soil warming and altered 
precipitation patterns. This study was performed on the conventional and organic farming plots. 
We evaluated the effect of climate, agricultural practice and their interaction on AMF community 
composition and richness inside wheat roots. In addition, we evaluated the relationship between 
molecular richness of indigenous root AMF and wheat yield parameters. We hypothesized that (i) 
AMF richness and community composition will be shaped by climatic conditions, agricultural 
practices, and their interactions in complex manners, and (ii) AMF richness will positively 
correlate with wheat yield and nutrient concentrations only in organically managed farms, where 
plant nutrition is highly dependent on AMF. 
Chapter 5: (Wahdan et al., 2020; Microorganisms 2020, 8, 908) “Future climate significantly 
alters fungal plant pathogen dynamics during the early phase of wheat litter decomposition”. This 
study was performed on the conventional farming plots. We investigated the wheat residue 





climate conditions. In addition, we quantified the richness and proportion of fungal pathogens 
within these mycobiomes. We hypothesized that (i) saprotrophs followed by plant pathogens 
dominate the litter mycobiome, (ii) there are differences in the initial communities colonizing 
wheat straw under the ambient climate as compared with the simulated future climate; and (iii) the 
future climate has a significant differential effect on pathogen dynamics in plant residues in 
agricultural ecosystems. 
Chapter 6: (Wahdan et al., 2021; Microbial Ecology) Life in the wheat litter: effects of future 
climate on microbiome and function during the early phase of decomposition. This study was 
performed on the conventional farming plots. We assessed the effects of climate change on 
microbial richness, community compositions, interactions and their functions (production of 
extracellular enzymes) in decomposing residues of wheat. In addition, we investigated the effects 
of climate change on litter residues physicochemical factors as well as mass loss during the early 
phase of decomposition. We hypothesized that (i) patterns of microbial richness and community 
dynamics differ under ambient and future climate, (ii) climate change has indirect effect on 
microbial communities through influencing on wheat litter physicochemical properties, and (iii) 
direct and indirect effects of future climate on microbial communities negatively impact enzyme 
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Abstract: FAPROTAX is a promising tool for predicting ecological relevant functions of bacterial and
archaeal taxa derived from 16S rRNA amplicon sequencing. The database was initially developed to
predict the function of marine species using standard microbiological references. This study, however,
has attempted to access the application of FAPROTAX in soil environments. We hypothesized that
FAPROTAX was compatible with terrestrial ecosystems. The potential use of FAPROTAX to assign
ecological functions of soil bacteria was investigated using meta-analysis and our newly designed
experiments. Soil samples from two major terrestrial ecosystems, including agricultural land and
forest, were collected. Bacterial taxonomy was analyzed using Illumina sequencing of the 16S rRNA
gene and ecological functions of the soil bacteria were assigned by FAPROTAX. The presence of
all functionally assigned OTUs (Operation Taxonomic Units) in soil were manually checked using
peer-reviewed articles as well as standard microbiology books. Overall, we showed that sample
source was not a predominant factor that limited the application of FAPROTAX, but poor taxonomic
identification was. The proportion of assigned taxa between aquatic and non-aquatic ecosystems
was not significantly different (p > 0.05). There were strong and significant correlations (σ = 0.90–0.95,
p < 0.01) between the number of OTUs assigned to genus or order level and the number of functionally
assigned OTUs. After manual verification, we found that more than 97% of the FAPROTAX assigned
OTUs have previously been detected and potentially performed functions in agricultural and forest
soils. We further provided information regarding taxa capable of N-fixation, P and K solubilization,
which are three main important elements in soil systems and can be integrated with FAPROTAX to
increase the proportion of functionally assigned OTUs. Consequently, we concluded that FAPROTAX
can be used for a fast-functional screening or grouping of 16S derived bacterial data from terrestrial
ecosystems and its performance could be enhanced through improving the taxonomic and functional
reference databases.
Keywords: soil; FAPROTAX; functional annotation; bacterial function
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1. Introduction
Microbes are known as engines of an ecosystem as their growth and metabolisms drive
various biogeochemical cycles and mediate many ecological processes such as decomposing
organic compounds, solubilizing mineral substances and promoting plant performance [1].
Moreover, microbes also play important roles in removing toxic pollutants and chemical
contaminants. For instance, microorganisms transform aromatic compounds into harmless
metabolites or less/nontoxic forms [2]. Other harmful metabolites that are converted by
microorganisms include hydrocarbon compounds [3], heavy metals [4] and other chemicals
with excessive concentrations in an environment [5–7].
Various tools have been developed for the prediction of ecological functions of micro-
bial taxa derived from amplicon-based next-generation sequencing data. These tools allow
us to investigate both community and functional composition of microbes. The usefulness
of these tools depends on thorough and global data on microbial community and functions,
which would provide deeper insight for microbial ecological research and could be a low-
cost alternative to metagenomic sequencing [8,9]. As a result, many functional prediction
tools were generated for both prokaryotic and eukaryotic microorganisms. For example,
FUNGuild is a typical functional prediction tool for fungi, providing guild characteristics
of the detected taxa, such as saprotroph, pathogen, decomposer or lichenivorous fungi,
based on their taxonomic identity [10]. Other tools such as phylogenetic investigation
of communities by reconstruction of unobserved states (PICRUSt) [11,12], pathway pre-
diction by phylogenetic placement (PAPRICA) [13], predicting functional profiles from
metagenomic 16S rRNA data (Tax4Fun) [8] and functional annotation of prokaryotic taxa
(FAPROTAX) [9] were developed to predict bacterial and archaeal functions. The former
three predict the functions based on gene content of detected taxa, whereas the latter is
the only tool that uses experimental data on culturable taxa to identify functional groups,
metabolic phenotypes or ecologically relevant functions [9]. Furthermore, FAPROTAX may
be more preferable for functional prediction of the biogeochemical cycle of environmental
samples [9,14,15].
The FAPROTAX is a database that maps bacterial or archaeal taxa to metabolic or
ecologically relevant functions (i.e., nitrogen fixation, sulfate respiration or hydrocarbon
degradation) using literature on culture representatives. This means that if all cultured
members of a taxon can perform a function, the function will be assigned to all members of
this taxon (cultured and uncultured). The FAPROTAX provides a python script to convert
OTUs tables into functional tables based on taxa identified in a sample and functional
phenotype of each taxon in the FAPROTAX database. This database was initially built
for a study on marine environments, containing over 80 functions and 4600 taxonomic
details of bacteria and archaea from oceans [9]. However, FAPROTAX used standard
references (in Bergey’s manual of systematic bacteriology [16–20]. The prokaryotes [21]
and International Journal of Systematic and Evolutionary Microbiology [22]) for general
bacteria and archaea living in both aquatic and terrestrial ecosystems. This implies that the
functional assignments are not completely dependent on habitats (aquatic vs. terrestrial
systems) and highly dependent on taxonomic information at genus, species or strain
levels of a particular bacterial and archaeal taxon. Consequently, many studies have
used FAPROTAX for functional annotation of bacteria and archaea on various ecosystems
including aquatic [9,23–27] and terrestrial systems [28–31], as well as human and animal
microbiome [14,32].
Despite the compatibility to the soil system, FAPROTAX is still not widely utilized for
functional annotation of soil bacteria and archaea because there has been no effort to test the
capability of FAPROTAX in soil. Some important questions remain, for example, (i) what
proportions of bacterial and archaeal taxa are living in soil that are successfully annotated
using FAPROTAX (as compared to aquatic systems) and (ii) are functional annotations
using FAPROTAX accurate in soil systems?
This study aimed to investigate the potential use of FAPROTAX for bacterial functional
annotation in non-aquatic ecosystems, specifically in soil. We used both published and
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newly prepared soil microbial datasets of three ecosystems (mangrove, agriculture and
forest). In total, four datasets, including mangrove rhizosphere soil, agricultural bulk soil,
agricultural rhizosphere soil and forest soil, were processed. We (i) tested the differences in
functional annotated capacity between non-aquatic and aquatic ecosystem using published
articles (meta-analysis), (ii) tested the accuracy of FAPROTAX annotation in soil systems by
manually checking both appearance and functional performance in soils of all functionally
assigned bacterial and archaeal operational taxonomic units (OTUs) with previously pub-
lished literature and, (iii) tested additional options to improve the functional assignment
capacity of FAPROTAX in soils by using relevant references (case study: nitrogen-fixing
bacteria in bulk and rhizosphere soils of Trifolium pratense).
2. Materials and Methods
2.1. Sample Collection
We set up experiments to evaluate the suitability of FAPROTAX to assign functions
of soil bacterial and archaeal OTUs. Soil samples from two major terrestrial ecosystems,
agricultural grassland and forest were collected. Furthermore, one published dataset
on rhizosphere soil of Rhizophora stylosa was also added in this study [33]. Mangrove
ecosystems are considered as the interface between aquatic and terrestrial ecosystems [34];
thus, the mangrove soil samples were used as the borderline between the aquatic and
terrestrial ecosystems.
In the agricultural grassland ecosystem, bulk soil and rhizosphere soil of Trifolium
pratense were taken from five experimental plots of extensively used meadow (ambient
treatment) at the Global Change Experimental Facility (GCEF), Germany (51◦22′60′′ N,
11◦50′60′′ E) [35,36]. These experimental plots are managed as described in Schädler
et al. [35], where grasses and legumes growing in the plot are used to feed livestock. In this
study, three healthy pratense plants, which represent three subsamples, were taken from
each experimental plot. Bulk soil and rhizosphere soil were collected following the protocol
as described by Barillot et al. [37]. Briefly, bulk soil attached to the root was first removed
by vigorous shaking, then rhizosphere soil was collected by shaking the root in PCR-grade
water. Three subsamples of bulk soil and rhizosphere soil collected from the same plot
were pooled into one composite sample for each soil fraction. Overall, five composite
samples of bulk soil and five composite samples of rhizosphere soil (representing five true
replicates) were obtained.
In the forest ecosystem, soil samples were taken from a bamboo-deciduous forest [38]
which was dominated by Dendrocalamus membranaceous and Bambusa bambos, in northern
Thailand (18◦32′23′′ N, 99◦34′47′′ E). In detail, five replicated plots (5 × 5 m2) > 20 m
apart were selected. Five soil subsamples were collected to 10 cm depth in each plot using
an auger with 10 cm in diameter. The subsamples were then pooled into one composite
sample. In this study, all composite soil samples were homogenized and sieved (2 mm) to
remove stones, roots, macrofauna, and litter.
For the mangrove ecosystem, we used the dataset that has previously been pub-
lished by Purahong et al. [33]. In detail, this dataset consisted of 5 replicated samples
of rhizosphere soil of R. stylosa located in wetland at Pingtung County, southern Taiwan
(22◦26′17.6′′ N, 120◦29′29.6′′ E). Sample collection was described in detail in Purahong
et al. [33]. Briefly, five healthy, mature stylosa trees were selected, then four subsamples
of rhizosphere soil around each selected tree were collected, pooled and sieved to make a
composite sample.
All soil samples, including those from agricultural grassland, deciduous forest and
mangrove ecosystems, were kept at −20 ◦C for further analyses.
2.2. DNA Extraction, Sequencing and Taxonomy and Functional Assignment
DNA samples of both agricultural soils were extracted by QIAGEN DNeasy Power-
Soil kit, whereas those of forest soil were extracted by NucleoSpin® Soil DNA extrac-
tion kit. PCR amplification of the bacterial V3-V4 regions was conducted using the
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bacterial primer pair Bact341F (5′-CCTACGGGNGG-CWGCAG-3′) and Bact785R (5′-
GACTACHVGGGTATCTAATCC-3′) [39]. Amplicons were sequenced using an Illumina
MiSeq platform and V3 Chemistry (Illumina). All amplification and sequencing steps were
performed at RTL Genomics (Lubbock, TX, USA).
Bioinformatics was proceeded on MOTHUR 1.33.3 [40] following Standard Operating
Procedure (SOP) custom analysis workflow. Raw reads, overlapping more than 20 base pairs,
were first assembled to generate paired-end reads, then filtered to get high-quality reads,
containing at least 200 bp length and having a minimum average quality of 25 Phred score.
Chimeric sequences were checked using UCHIME in de novo mode [41], as implemented
in MOTHUR and removed from the datasets. The cleaned sequences were clustered at
97% sequence identity and assigned taxonomy using the SILVA 132 database for bacterial
16S rRNA gene [42]. Ecologically relevant functions were then assigned to all detected
OTUs using FAPROTAX [9]. In detail, a taxon (e.g., strain, species or genus) was annotated
to certain functions if there was a literature report on a culture representative of the
taxon that performed the functions. For example, if all cultured species of a genus were
previously reported as sulfate reducers, all detected taxa belonging to the genus were also
considered as sulfate reducers. All database and assignment instructions are available
at http://www.loucalab.com/archive/FAPROTAX/. Lastly, rare OTUs (singletons to
tripletons), which could potentially originate from sequencing error, were removed. The
remaining reads were normalized to the minimum read count per sample of each dataset.
Final OTU tables of all datasets are available in supplementary Tables S1.1–S1.3. The
raw sequences are available in the National Center for Biotechnology Information (NCBI)
under BioProject accession number: PRJNA646011 for forest and agricultural soils and
PRJNA554586 for mangrove soil.
2.3. Validation of FAPROTAX
2.3.1. Peer-Reviewed Publications: Difference in Functional Assignment Percentage of
Aquatic and Non-Aquatic Samples.
The functional assignment percentage (proportion of number of OTUs assigned by
FAPROTAX to total detected OTUs in each study) presented in peer-reviewed publications
was gathered and divided based on sampling source into 2 main groups, including aquatic
and non-aquatic data (Table S3). Differences in the functional assignment percentage over
aquatic and non-aquatic data were tested using the Mann-Whitney U test in PAST program
v. 2.17c [43]. Shapiro-Wilk and Fligner-Killeen were used to test normality and equality of
variances between the two groups.
2.3.2. Taxonomic Identification and FAPROTAX Assignment
The datasets, including twenty soil samples derived from agricultural-bulk soil (n = 5),
agricultural-rhizosphere soil (n = 5), forest soil (n = 5) and mangrove soil (n = 5), were
used to test the correlation between number of functionally assigned OTUs and number
of OTUs identified to different taxonomic ranks (Genus, Order and Phylum). Firstly, the
normality of these data sets was analyzed using Shapiro-Wilk test. We detected non-normal
distribution in some data sets (p < 0.05); thus, Spearman’s rank correlation method was
used to test the correlation between number of functionally assigned OTUs and number
of OTUs identified to each taxonomic rank. The correlation method was analyzed using
stat_cor function in ggpubr package [44]. The simple linear regressions, showing the
relationship between the two variables, were plotted with ggscatter function of the ggpubr
package. These correlation analyses were run on R (version 3.6.2) [45].
2.3.3. Validation of FAPROTAX on Soil Bacteria
Bacterial taxa provided in a file called “FAPROTAX.txt”, which is a database for
FAPROTAX analysis (http://www.loucalab.com/archive/FAPROTAX/lib/php/index.
php?section=Download), were randomly selected and habitat of the selected taxa was
identified using references cited in the database. This action indicated that prokaryotic
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taxa and functional results in the FAPROTAX database have been obtained not only from
aquatic samples but also from non-aquatic environments (an example is presented in
Table S4) which lead to the promising application of FAPROTAX in soil samples.
Subsequently, four datasets, including agricultural-bulk soil, agricultural-rhizosphere
soil, forest soil and mangrove soil, were used as examples to validate the suitability of
FAPROTAX applied to soil samples. In this section, OTUs that were functionally assigned
by FAPROTAX were used (Tables S2.1–S2.3). In detail, FAPROTAX assigned OTUs was first
checked on the appearance of each taxon in soil habitat using peer-reviewed publications. If
a taxon was previously reported in soil systems, we confirmed the appearance by using the
word “Yes”. On the other hand, if there was no record of a taxon in soil systems, we used
the word “No” (Tables S2.1–S2.3: column named “Confirmation living in soil”). Secondly,
functional performance in soil systems of the FAPROTAX assigned OTUs was manually
checked using a similar procedure as FAPROTAX database (a taxon was assigned to certain
functions if there was a literature report on a representative of the taxon that performed
the functions). The functional performance was confirmed by using “Yes” when particular
OTUs have been reported and performed the function in soil, whereas “No” was used for
those with no record of functional performance in soil (Tables S2.1–S2.3: column named
“Confirmation on functions in soil habitat”). The performance of FAPROTAX assignment
in soil sample was indicated by number of FAPROTAX assigned OTUs that were both
available and performed the assigned function in soil.
2.3.4. Additional Literature on Soil Functions
Bacterial taxa that were identified as a driver on phosphate solubilization, potassium
solubilization and nitrogen fixation were provided (Table 1). These taxa and functions
were overlooked from FAPROTAX database (file named “FAPROTAX.txt” available at
FAPROTAX webpage). Subsequently, the advantage of the literature added was tested
using soil samples from agricultural bulk soil and rhizosphere soil of T. pratense datasets.
In detail, the nitrogen fixation function was manually assigned to a particular OTU in the
datasets when that OTU was identified as one of the taxa in Table 1 (nitrogen fixation).
Then, the number of manually assigned OTUs was counted and compared with that of
OTUs assigned to nitrogen fixation by FAPROTAX.
Table 1. A list of bacterial taxa capable of nitrogen fixation, phosphate and potassium solubilization.
Functions Taxa References
Nitrogen fixation
Allorhizobium, Azorhizobium, Bradyrhizobium, Ensifer,
Mesorhizobium, Rhizobium, Aminobacter, Devosia,
Methylobacterium, Microvirga, Ochrobactrum,
Phyllobacterium, Shinella, Burkholderia,
Paraburkholderia, Cupriavidus, Bacillus safencis, Bacillus
licheniformis, Bacillus cereus, Bacillus megaterium,
Bacillus aerophilus, Bacillus flexus, Bacillus





Bacillus mucilaginosus, Bacillus circulanscan, Bacillus
edaphicus, Bacillus megaterium, Acidithiobacillus
ferrooxidans, Enterobacter hormaechei, Paenibacillus
mucilaginosus, Paenibacillus glucanolyticus
[48,49]





Aerobactor aerogenes, Actinomadura oligospora,
Azospirillum brasilense, Bacillus circulans, Bacillus
cereus, Bacillus fusiformis, Bacillus pumils, Bacillus
megaterium, Bacillus mycoides, Bacillus polymyxa,
Bacillus coagulans, Bacillus chitinolyticus, Bacillus
subtilis, Pseudomonas putida, Pseudomonas striata,
Pseudomonas fluorescens, Pseudomonas calcis,
Escherichia intermedia, Enterobacter asburiae, Serratia
phosphoticum, Thiobacillus ferroxidans, Thiobacillus
thioxidans, Rhizobium meliloti, Bacillus pulvifaciens,
Bacillus sircalmous, Pseudomonas canescens,
Pseudomonas fluorescens, Pantoea agglomerans,
Rhizobium meliloti, Rhizobium leguminosarum,
Mesorhizobium mediterraneum, Acinetobacter
rhizosphaerae, Streptomyces albus, Streptomyces cyaneus,
Streptoverticillium album, Azotobacter chroococcum
[50,51]
3. Results
3.1. Assignment Percentage of Aquatic and Non-Aquatic Samples Based on Previous Studies
We found no significant difference between assignment percentage (proportion of
FAPROTAX assigned OTUs in total detected OTUs) of aquatic and non-aquatic data in
datasets from peer-reviewed publications (Figure 1 and Table S3). The percentage of aquatic
samples, including water from hot spring, lake, river, ocean and glacier, varied from 1.87%
to 62.65%, while those from other ecosystems, including various soil samples and animal
skins, varied from 10.21% to 65.30% (Figure 1).
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Soil Samples 
A total of 196,366 reads (on average 19,637 ± 2355 reads per sample) of bacterial 16S 
rRNA gene were detected in agricultural bulk soil and rhizosphere soil, after quality fil-
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Figure 1. FAPROTAX assignment percentages over aquatic and non-aquatic ecosystems. (a) Bar plot
showing the average proportion of FAPROTAX assignment based on previous studies of aquatic
samples (blue) and non-aquatic samples (yellow). Error bars represent standard error of the mean
and the letter “ns” indicates statistical insignificance tested by Mann-Whitney U test. (b) FAPROTAX
assignment percentage over different sample sources based on previous literature. (c) The assign-
ment percentage found in soil samples from mangrove, agriculture and forest ecosystems in this
present study.
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3.2. General Overview of Bioinformatics and FAPROTAX Assignment of Data Derived from Soil
Samples
A total of 196,366 reads (on average 19,637 ± 2355 reads per sample) of bacterial
16S rRNA gene were detected in agricultural bulk soil and rhizosphere soil, after quality
filtering and chimeric sequence removal. For forest and mangrove soils, 119,433 reads (on
average 23,886 ± 1980 reads per sample) and 66,263 reads (on average 19,637 ± 2355 reads
per sample [33]) were detected, respectively. After rare OTUs were removed, the sequences
were normalized to the smallest read numbers per sample, which were 4951, 12,269 and
7086 [33] reads per sample for agricultural soils (bulk soil and rhizosphere soil), forest soil,
and mangrove rhizosphere soil, respectively.
Different bacterial OTUs were obtained from agricultural bulk soil (3329), agricultural
rhizosphere soil (3365), forest soil (2177) and mangrove rhizosphere soil of R. stylosa (2497).
The proportion of OTUs that were identified to different taxonomic ranks and that of
functional assignments were presented in Figure 2. Functional assignment capacities of
agricultural soils (bulk soil and rhizosphere soil), forest soil and mangrove rhizosphere soil
accounted for 28.24–28.42%, 12.48% and 15.86% (Figure 1) and the number of functions
assigned to those samples were 34, 36, 37 and 52 functions, respectively (Figure S1).
Predominant functions across all samples belonged to chemoheterotrophy, followed by
aerobic chemoheterotrophy (Figure 3). However, when we focused on more specific
functions, the result showed differences in dominant functions involved in biogeochemical
cycling derived from each ecosystem (Figure 3).
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Figure 2. Taxonomic information across all soil samples and correlation between numbers of identified and functionally
assigned OTUs. (a) Proportion of OTUs identifying to different taxonomic ranks. (b) Bar plot showing FAPROTAX’s func-
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tional assignment percentage (TB: agricultural bulk soil, TRh: agricultural rhizosphere soil, SF: forest soil and Rs: mangrove-
rhizosphere soil). Linear regression showing Spearman’s rank correlation coefficient and p-value on the relationship between
number of FAPROTAX-functional assigned OTUs and number of identified OTUs to different taxonomic ranks which are (c)
Genus, (d) Order and (e) Phylum. “No.” is an abbreviation of “Number”.
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correlation analysis. Thus, these correlation results should b interpreted carefully.
3.4. Accuracy of Functionally Assigned Bacterial and Archaeal OTUs Based on FAPROTAX in
Soil Systems
The result showed that more than 97% of the FAPROTAX assigned OTUs have pre-
viously been detected and potentially performed the functions in agricultural (1081 out
of 1098 OTUs) and forest soils (265 out of 272 OTUs). On the other hand, only 28.79%
(114 out of 396 OTUS) of functionally assigned OTUs detected in Mangrove rhizosphere
soil had record of appearance and assigned functional performance in soil. We found
that several detected taxa, including but not limited to Demequina, Euzebya, Maribacter,
Marinobacter, Muricauda, Desulfatitalea, Desulfopila, were found to potentially perform the
assigned functions in an estuary, seawater, sediment, and other marine habitats (Table S2.3).
However, it should be noted that mangrove is a unique habitat with a mixture of land and
sea, and therefore some aquatic bacteria can possibly be detected.
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3.5. Impact of Adding Reported Datasets to Functional Assignment Percentage
In total, 17 and 31 OTUs detected in the agricultural bulk and rhizosphere soil, respec-
tively, were functionally assigned to nitrogen fixation by FAPROTAX, while the additions
of 53 and 59 OTUs were assigned the function by a manual search based on reference given
in Table 1. Several taxa that could potentially perform nitrogen fixation were assigned in
addition to Rhizobium gallicum, the only taxon that was assigned by FAPROTAX (Table 2).






No. of Additional OTU
Manually
Assigned to N-Fixation
Additional Taxa Capable of N-Fixation
Agricultural
Bulk soil 17 53







Rhizosphere soil 31 59







Keeping possible biases inherent to molecular technique and next-generation se-
quencing (NGS) in mind [9] (i.e., PCR, short-read sequences, pan-genome concept of
bacterial evolution), many works demonstrated that NGS can be successfully used to
improve our understanding of bacterial taxonomic structure and functional profile across
aquatic [9,17–21] and terrestrial ecosystems [22–25]. One of the most commonly used NGS
techniques (Illumina Miseq) offers paired-end reads, which increase almost two times of
the non-merging read length (i.e., 580 bp for MiSeq reads of 300 bp with a 20 bp minimal
overlap) [52]. In this study, we demonstrated that FAPROTAX was able to assign functions
to prokaryotic taxa derived from both aquatic and terrestrial sources, especially soils. Even
though aquatic samples tend to gain higher assignment than those of terrestrial samples,
no significant difference was found on assignment percentage between different sample
sources based on a limited number of publications (Table S3).
Several previous studies used this tool to predict the functions of bacterial/archaeal
communities residing in not only aquatic habitats but also in soil samples. For example,
FAPROTAX was used to assess the impact of microbial inoculation and fertilizer application
on soil bacterial functions involved in for C and N cycles [53–55]. Specifically, Gao et al. [53]
showed stimulation of denitrification and nitrification in soil after Spartina alterniflora inva-
sion, as well as Li et al. [54] revealed a significant effect of straw incorporation and nitrogen
fertilization on hydrocarbon degradation and nitrogen fixation. Similarly, Wang et al. [55]
showed an increase of aerobic nitrite oxidation in soil inoculated with multi-species inoc-
ulants. Moreover, FAPROTAX was utilized in several studies that aimed to compare the
effect between different treatments or a response of site managements [15,28,56–59]. For in-
stance, it was used to investigate the effects of bacterial functions after grazing prohibition
and in plantation and natural forest [15,28,56]. The increase in denitrification and nitrifica-
tion functions was found after soil tillage and forest-to-agriculture conversion [57,58]. In
addition to soil samples, FAPROTAX has also been helpful in predicting bacterial functions
of animals and human microbiome. For examples, FAPROTAX was used to compare the
functional richness of bacteria in gallbladder and gut between young and adult rabbits [60],
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infer biogeochemical processes, especially in nitrogen and manganese cycling occurring
on human and mammalian skin [32] and show the impact of environmental factors on the
functional diversity of bacteria in frog skin [14]. Although FAPROTAX is unable to reveal
functional phenotypes of all taxa in the community, previous studies have shown that it
was a helpful tool to highlight functions related to biogeochemical dynamics, especially on
N and C cycle in non-aquatic samples and to compare functional profiles among treatments.
Our results also showed that sample source was not a primary factor that limited the
application of FAPROTAX, especially in soil samples. A strong positive and significant
correlation between the number of functional assigned OTUs and the number of OTUs
identified to the order and genus levels, but not with those assigned to phylum level implies
that poor taxonomic identification was an important factor that limited FAPROTAX func-
tional assignment in soil samples. Since certain functions are conserved at low taxonomic
levels (species, genus or order), OTUs identified only at a phylum level usually cannot be
assigned to any function. The study cases on agricultural and forest soil samples reported
that more than 97% of functionally assigned OTUs have previously been reported to exist
(previously reported on both appearance and functional performance) in soil samples
(Tables S2.1–S2.3). We found several studies that confirmed the presence of functionally
assigned taxa in soil bacterial communities. For example, taxa related to C-cycle such as
Nocardioides, which was previously isolated from soil, was assigned to aromatic compound
degradation and confirmed the ability to degrade hexachlorobenzene [61]. Rhodococcus
species was also assigned to hydrocarbons degradation and was found to have the ability
to utilize various hydrocarbons groups in soil [62]. Similarly, taxa involved in nitrogen
cycles, such as Rhizobium gallicum (nitrogen fixation) and Micromonospora aurantiaca (nitrate
reduction and cellulolysis), were also found in soil [63,64] (see Tables S2.1–S2.3 for more
information). These lines of evidence confirmed that some taxa available in the FAPROTAX
database are generally dispersed across different ecosystems, including soil, even though
they were originally generated from aquatic samples. Moreover, we showed that bacterial
taxa and functional prediction presented in the FAPROTAX database were not only derived
from aquatic samples but also from soil, plants and animals (Table S4). These results
support our hypothesis that FAPROTAX was compatible with terrestrial ecosystems. On
the other hand, lower portion of soil-detected taxa but high portion of marine-detected taxa
in mangrove rhizosphere soil was not surprising results because mangrove land is located
at the boundary between terrestrial and aquatic ecosystems. Therefore, it is possible to
detect both marine and soil bacterial taxa in the area [65]. More importantly, we confirmed
that a number of bacterial taxa found in mangrove rhizosphere soil were also found in
soil system.
Furthermore, we demonstrated that the addition of references on bacterial taxa ca-
pable of a particular function could significantly increase the efficiency of the functional
assignment. This study showed that adding more references to nitrogen fixation function
can increase the number of OTUs assigned to the function by 2–3 times, accounting for a
2% increase in total functional assignment percentage. The absence of the nitrogen fixation
function may be due to FAPROTAX being created based on aquatic samples [9]; thus,
some terrestrial specialized taxa were neglected from the database. Furthermore, bulk and
rhizosphere soils of red clover (Trifolium pratense) are known to colonize by diverse N-fixing
bacteria [66]. Consequently, using relevant and up-to-date references of current status of N-
fixing bacterial legume symbiosis can strongly increase the number of functional assigned
bacterial taxa. Specifically, many important N-fixing bacterial genera, for examples Ensifer,
Bradyrhizobium, Microvirga, Mesorhizobium, Devosia, etc., are not included in FAPROTAX
as N-fixing bacteria. Therefore, FAPROTAX database still needs to be extended to cover
other relevant functions in soils. This study provided soil bacterial taxa capable of nitrogen
fixation, phosphate and potassium solubilization, so further study on soil sample could
make the most of our work.
Although this study has demonstrated that FAPROTAX was compatible with soil sam-
ples, the bias of this tool should be kept in mind. The FAPROTAX has an assumption that if
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all cultured members of a taxon can perform a function, all members of that taxon (cultured
and uncultured) can perform that function. Moreover, since soil ecosystem contains several
biogeochemical cycles as well as diverse prokaryotic taxa, it is concerning that FAPROTAX
may have low performance (low functional assignment percentage) for certain soil samples.
We recommend that further work should add more soil-specific functions and prokaryotic
taxa to optimize the performance of this tool. On the other hand, other alternative tools can
be applied for bacterial functional annotation in soil, such as PICRUSt [11,12] or Tax4Fun [8].
Notice should be taken that each tool provides different aspects of bacterial functional
phenotypes. FAPROTAX presents functional phenotypes as metabolic and ecologically
relevant functions which are predicted based on the literature of cultured taxa (i.e., nitrogen
fixation, nitrification, hydrocarbon degradation, chitinolysis, cellulolysis, etc.), whereas
PICRUSt or Tax4Fun present functions as phenotypes of gene families or enzyme activities
which are predicted based on gene content. We simulate results from Tax4Fun to show the
functional phenotype of bacteria associated with the rhizosphere soil samples of Trifolium
pratense used in this study (Appendix A). The simulated results show various potential
enzymes that may be relevant to many soil functions (Figure A2). In our opinion, each
functional annotation tool provides information on different aspects of bacterial functions.
Selection of such tools for a particular study should depend on its purposes. If a study
focuses on key bacterial functions important for biogeochemical cycling as well as microbe-
microbe, plant-microbe and animal-microbe interactions, FAPROTAX can be a suitable
choice. On the other hand, if a study targets at changes of gene expression or potential
enzyme activity, other tools should be considered, such as PICRUSt or Tax4Fun.
In conclusion, this study presented that FAPROTAX database can be effectively used
to predict function of bacteria in soil samples. Even though the database cannot predict
function of all detected taxa, it can be beneficial for fast-functional screening or grouping
of 16S derived bacterial data from any ecosystem. We further suggested that additional
datasets of both the taxonomy and functional references could improve the FAPROTAX
database and thereby increase the number of functionally assigned OTUs derived from
16S rRNA.
Supplementary Materials: The following are available online at https://www.mdpi.com/2076-3
417/11/2/688/s1; Figure S1: Heatmap of all detected functions of bacteria across all soil samples.
The data based on OTUs occurrence (number of OTUs capable for each function) derived from agricul-
tural bulk soil (TB), agricultural rhizosphere soil (TRh), forest soil (SF) and mangrove-rhizosphere soil
(Rs) samples. Table S1.1: OTU table of prokaryotic taxa detected in agricultural soil. Table S1.2: OTU
table of prokaryotic taxa detected in forest soil. Table S1.3: OTU table of prokaryotic taxa detected
in mangrove-rhizosphere soil. Table S2.1: FAPROTAX validation of prokaryotic taxa prokaryotic
taxa detected in agricultural soils showing evident based on peer-reviewed literature of soil ecosys-
tems on the appearance and the functional performance of prokaryotic taxa detected in agricultural
soils. Table S2.2: FAPROTAX validation of prokaryotic taxa prokaryotic taxa detected in forest soil
showing evident based on peer-reviewed literature of soil ecosystems on the appearance and the
functional performance of prokaryotic taxa detected in forest soil. Table S2.3: FAPROTAX validation
of prokaryotic taxa prokaryotic taxa detected in mangrove rhizosphere soil showing evident based
on peer-reviewed literature of soil ecosystems on the appearance and the functional performance
of prokaryotic taxa detected in mangrove rhizosphere soil. Table S3: Data from peer-reviewed
publications showing sample sources and proportion of number of OTUs assigned by FAPROTAX
to total detected OTUs. Table S4: Example of data from FAPROTAX database showing functions,
prokaryotic taxa and their habitat obtained from the reference cited in FAPROTAX database.
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Appendix A. Functional Phenotypes Derived from Tax4Fun and FAPROTAX. A
Simulate Result from Bacterial Communities of Agricultural Rhizosphere of
Trifolium pretense
A dataset (OTU table) consisted of bacterial communities in the rhizosphere of Trifolium
pratense was selected to simulate the result derived from Tax4Fun. In detail, the Tax4Fun [8]
R package, which employs 16S rRNA gene-based taxonomic information, and the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database were used to predict the metabolic
functional attributes of bacterial communities in the rhizosphere of T. pratense. Tax4Fun
converted the SILVA-labelled OTUs into prokaryotic KEGG organisms and normalized
these predictions using the 16S rRNA copy number (obtained from the National Center for
Biotechnology Information genome annotations). Furthermore, FAPROTAX was also used
to predicted bacterial function of the same dataset following the FAPROTAX’s instruction
(http://www.loucalab.com/archive/FAPROTAX/) [9].
A total of 36 functions were derived from FAPROTAX (Figure A1). FAPROTAX
showed ecologically relevant functions which concern biogeological cycles, such as ni-
trification, cellulolysis and hydrocarbon degradation, and the interaction of microbe to
plants/animals, such as plant pathogen or invertebrate parasites (Figure A1). On the other
hand, Tax4Fun provided a total of 6338 functions which included functions that involved
in soil biogeochemical cycles, such as chitinase, beta-glucosidase or acid phosphatase, and
not involved in soil system, such as sn-glycerol 3-phosphate transport system ATP-binding
protein, queuine tRNA-ribosyltransferase, and DNA-directed RNA polymerase. In order
to use Tax4Fun, the researcher might have an overview of functions required for their
work, then sort only interesting functions to be investigated. For example, in this case, we
gathered 30 enzymes involved in soil system (Table A1) and show the functional profile
presented in Figure A2.
However, we believe that both functional annotation tool contributes most benefit, but
different aspect for each work. The selection of these tools should depend on the purpose
of each study. If a study focuses on the biogeochemical cycle or the interaction of microbe
to plants/animals, FAPROTAX would be the best alternatives. Moreover, FAPRROTAX
is quite easy to follow as it provides plain functional phenotypes. On the other hand, if a
study pays more attention to enzyme activity, Tax4Fun should be a great choice.
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Table A1. Tax4Func functions involved in soil system and its description.
Tax4Fun Output Function’s Description References
K02274; cytochrome c oxidase subunit I [EC:1.9.3.1] Aerobic Respiration [67]
K00860; adenylylsulfate kinase [EC:2.7.1.25] Assimilatory Sulfate Reduction [67]
K00957; sulfate adenylyltransferase subunit 2 [EC:2.7.7.4] Assimilatory Sulfate Reduction [67]
K00016; L-lactate dehydrogenase [EC:1.1.1.27] Fermentation [67]
K00400; methyl coenzyme M reductase system, component A2 Methanogenesis [67]
K00265; glutamate synthase (NADPH/NADH) large chain
[EC:1.4.1.13 1.4.1.14] Nitrogen Assimilation [67]
K01915; glutamine synthetase [EC:6.3.1.2] Nitrogen Assimilation [67]
K02588; nitrogenase iron protein NifH [EC:1.18.6.1] Nitrogen Fixation [67]
K02591; nitrogenase molybdenum-iron protein beta chain
[EC:1.18.6.1] Nitrogen Fixation [67]
K00261; glutamate dehydrogenase (NAD(P)+) [EC:1.4.1.3] Nitrogen Mineralization [67]
K00262; glutamate dehydrogenase (NADP+) [EC:1.4.1.4] Nitrogen Mineralization [67]
K00260; glutamate dehydrogenase [EC:1.4.1.2] Nitrogen Mineralization [67]
K02567; periplasmic nitrate reductase NapA [EC:1.7.99.4] Nitrogen Reduction [67]
K01011; thiosulfate/3-mercaptopyruvate sulfurtransferase
[EC:2.8.1.1 2.8.1.2] Sulfur Mineralisation [67]
K01077; alkaline phosphatase [EC:3.1.3.1] Cleaving of PO4 fromP-containing OM [68]
K01078; acid phosphatase [EC:3.1.3.2] Cleaving of PO4 fromP-containing OM [68]
K01183; chitinase [EC:3.2.1.14] Hydrolysis of chitooligosaccharides [68]
K01225; cellulose 1,4-beta-cellobiosidase [EC:3.2.1.91] Hydrolysis of cellulose [68]
K01198; xylan 1,4-beta-xylosidase [EC:3.2.1.37] Hydrolysis of hemicellulose [68]
K05349; beta-glucosidase [EC:3.2.1.21] Hydrolysis of cellulose [68]
K05350; beta-glucosidase [EC:3.2.1.21] Hydrolysis of cellulose [68]
K14048; urease subunit gamma/beta [EC:3.5.1.5] Hydrolysis of urea [68]
K01428; urease subunit alpha [EC:3.5.1.5] Hydrolysis of urea [68]
K01429; urease subunit beta [EC:3.5.1.5] Hydrolysis of urea [68]
K01430; urease subunit gamma [EC:3.5.1.5] Hydrolysis of urea [68]
K14048; urease subunit gamma/beta [EC:3.5.1.5] Hydrolysis of urea [68]
K15922; alpha-glucosidase [EC:3.2.1.20] Hydrolysis of soluble saccharides [68]
K01187; alpha-glucosidase [EC:3.2.1.20] Hydrolysis of soluble saccharides [68]
K01198; xylan 1,4-beta-xylosidase [EC:3.2.1.37] Release of xylose from shortxylan oligomers [69]
K01225; cellulose 1,4-beta-cellobiosidase [EC:3.2.1.91] Release of cellobiose fromnon-reducing end of cellulose chains [69]
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The relationship between biodiversity and ecosystem functioning (BEF) is a central issue
in soil and microbial ecology. To date, most belowground BEF studies focus on the
diversity of microbes analyzed by barcoding on total DNA, which targets both active and
inactive microbes. This approach creates a bias as it mixes the part of the microbiome
currently steering processes that provide actual ecosystem functions with the part not
directly involved. Using experimental extensive grasslands under current and future
climate, we used the bromodeoxyuridine (BrdU) immunocapture technique combined
with pair-end Illumina sequencing to characterize both total and active microbiomes
(including both bacteria and fungi) in the rhizosphere of Trifolium pratense. Rhizosphere
function was assessed by measuring the activity of three microbial extracellular enzymes
(β-glucosidase, N-acetyl-glucosaminidase, and acid phosphatase), which play central
roles in the C, N, and P acquisition. We showed that the richness of overall and specific
functional groups of active microbes in rhizosphere soil significantly correlated with the
measured enzyme activities, while total microbial richness did not. Active microbes of
the rhizosphere represented 42.8 and 32.1% of the total bacterial and fungal taxa,
respectively, and were taxonomically and functionally diverse. Nitrogen fixing bacteria
were highly active in this system with 71% of the total operational taxonomic units (OTUs)
assigned to this group detected as active. We found the total and active microbiomes to
display different responses to variations in soil physicochemical factors in the grassland,
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but with some degree of resistance to a manipulation mimicking future climate. Our
findings provide critical insights into the role of active microbes in defining soil ecosystem
functions in a grassland ecosystem. We demonstrate that the relationship between
biodiversity-ecosystem functioning in soil may be stronger than previously thought.
Keywords: active microbiome, rhizosphere, biodiversity-ecosystem functioning, GCEF, BrdU
INTRODUCTION
Microbial communities in soil exhibit high phylogenetic (Tringe
et al., 2005; Hug et al., 2016), taxonomic (Fierer et al.,
2007), and functional (Prosser, 2002; Escalas et al., 2019)
diversity and contribute to several ecosystem services (Saccá
et al., 2017) by maintaining multiple functions (Jurburg
and Salles, 2015; Delgado-Baquerizo et al., 2016; Soliveres
et al., 2016). Most soil functions are more likely to be
driven by the active microbial diversity at each specific
time point (Bastida et al., 2016). However, in soils, large
proportions of the microorganisms are not active at each time
point (Blagodatskaya and Kuzyakov, 2013). Therefore, linking
diversity of microbes to their contribution to soil functions
during biodiversity-ecosystem functioning (BEF) studies remains
controversial, as it requires distinguishing metabolically active
microbes within the belowground ecosystem compartment
(Carini et al., 2016).
The advent of high-throughput sequencing technology
resulted in revealing the taxonomic diversity and composition
of soil microbial communities. Most of these approaches detect
the total genomic DNA persisting in soils, which includes a
mixture of (i) relic or “extracellular” DNA able to persist many
years in soils (Nielsen et al., 2007), (ii) DNA in non-intact
cells, (iii) DNA of potentially active microbes that may trigger
into activity within minutes to few hours by trace quantities
of specific nutrients (De Nobili et al., 2001; Blagodatskaya and
Kuzyakov, 2013), (iv) DNA of dormant microbes, and (v) DNA
of living cells—intact, capable of reproduction, and metabolically
active (Emerson et al., 2017). Not differentiating between these
fractions leads to biased estimates of really active soil microbial
diversity (Carini et al., 2016). To avoid such biases and only
capture the active microbial communities, many approaches
have been proposed, including RNA sequencing (Bowsher
et al., 2019), metaproteomics (Williams et al., 2010), active cell
staining (Bowsher et al., 2019), stable isotope probing (Dumont
and Murrell, 2005), quantitative multi-isotope imaging mass
spectrometry (MIMS) (Lechene et al., 2006), bio-orthogonal non-
canonical amino acid tagging (BONCAT) (Hatzenpichler et al.,
2016), and the viability indicator propidium monoazide (PMA)
(Carini et al., 2016). An alternative approach for distinguishing
active microbes within an ecosystem is the incorporation
of the thymidine analog, bromodeoxyuridine (BrdU), into
replicating cells during DNA synthesis, labeling actively growing
microorganisms, and isolating the BrdU-labeled DNA by
BrdU immunocapture using specific anti-BrdU antibodies
Abbreviations: BEF, biodiversity-ecosystem functioning; BrdU,
bromodeoxyuridine; OTU, operational taxonomic unit; GCEF, Global Change
Experimental Facility.
(Borneman, 1999; Urbach et al., 1999). BrdU incorporation has
been shown to successfully detect active bacteria in microcosms
(Bravo et al., 2013; Kelly et al., 2016) and in natural habitats
such as freshwater lakes (Grubisic et al., 2017), marine water
(Galand et al., 2013; Taniguchi et al., 2015), sewage (Walters and
Field, 2006), crop lands (Hjort et al., 2007), forest soil (Goldfarb
et al., 2011), arctic soil (Mcmahon et al., 2011), fallow soil,
and bacterial association with arbuscular mycorrhizal hyphae
(Artursson and Jansson, 2003) as well as active fungi in forest
soils (Allison et al., 2007; Allison and Treseder, 2008) and leaf
litters (Allison et al., 2007). One potential disadvantage of BrdU-
immunocapture technique is that not all microbial taxa are able to
take up and incorporate BrdU (Mcmahon et al., 2011); however,
a previous study (Hellman et al., 2011) showed that 18 out of
23 studied bacterial strains are able to incorporate BrdU, and
generally, all bacterial phyla can be detected. No information
regarding BrdU uptake capacity by fungal taxa is available.
Comparisons of active and total microbial communities have
been done in many ecosystems including terrestrial and aquatic
habitats (Baldrian et al., 2012; Romanowicz et al., 2016; Cardoso
et al., 2017; Nawaz et al., 2018; Li et al., 2019). They revealed
significant differences between these two communities, which are
shaped partly by similar (Romanowicz et al., 2016; Nawaz et al.,
2019) but also different (Rajala et al., 2011; Baldrian et al., 2012;
Zhang et al., 2014) environmental factors. Soil physicochemical
factors, climate change factors such as warming and altered
precipitation patterns are known to modify ecosystem properties
and processes and may affect the rhizosphere microbial diversity
and community composition (Wieland et al., 2001; Garbeva et al.,
2007; Drigo et al., 2008; Philippot et al., 2013; Alkorta et al.,
2017). However, we still do not fully understand how the total
and the active microbial communities in rhizosphere respond
to such changes.
Soil functions can be assessed by various indicators. One of
those biological indicators is extracellular enzyme activity (EEA)
(Sinsabaugh et al., 2008; Steinauer et al., 2015; Bastida et al.,
2016; Creamer et al., 2016). Production of microbial extracellular
enzymes is higher in the biologically active rhizosphere zone
as compared to the bulk soil (Joshi et al., 2018). Microbial
extracellular enzymes are considered the proximate agents of
organic matter break down and mineralization. Also, they
have a protective function through oxidizing toxic substances
(Gianfreda, 2015; Joshi et al., 2018). Consequently, EEA
contributes to the supporting and regulating ecosystem services
carried out by active microbes (Bodelier, 2011; Joshi et al., 2018).
Although previous studies proved that the active diversity more
accurately reflects ecosystem functionality than total diversity
(Bastida et al., 2016; De Vrieze et al., 2018), to our knowledge,
no studies to date have compared the links between total and
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active microbial diversity and soil ecosystem functions in the
rhizosphere soil in grasslands.
In the present study, we used BrdU immunocapture combined
with Illumina rRNA operon amplicon sequencing to characterize
the total and active rhizosphere soil microbiome of Trifolium
pratense (red clover) in a grassland ecosystem. Trifolium pratense
is one of the most important forage legumes in the world and
is adapted to many edaphic and climatic conditions (Taylor
and Smith, 1979). It maintains high pasture quality under low
fertilization by providing significant nitrogen input via symbiotic
nitrogen fixation (Thilakarathna et al., 2018). To investigate
the edaphic and climatic factors that shape the total and
active rhizosphere microbiomes, we conducted the experiment
at the Global Change Experimental Facility (GCEF) under both
ambient conditions and a future climate scenario expected in 50–
70 years from now in Central Germany (Schädler et al., 2019). In
addition, we measured the activity of three microbial extracellular
enzymes (β-glucosidase, N-acetyl-glucosaminidase, and acid
phosphatase) in the same rhizosphere soil to be considered
as indicators of ecosystem functions displayed by rhizosphere
microbial communities for C, N, and P acquisition in this system.
To get insights into the relationship between biodiversity–
ecosystem functioning, we linked the measured EEA with two
indices of microbial biodiversity: total microbial richness and
active microbial richness and with the compositions of active and
total communities. Our specific goals were to (i) estimate the
proportion of active microbes relative to the total rhizosphere
microbiome, (ii) study the responses of total and active
microbiome to a manipulated future climate, and (iii) identify
the possible links between total and active microbiomes and the
soil ecosystem function. We expected differences in richness and
community composition as well as the environmental drivers of
total and active rhizosphere soil microbiomes. We hypothesized
that the relationship between biodiversity–ecosystem functioning
obtained from active rhizosphere soil microbiome to be stronger
than the one from the total rhizosphere microbiome.
MATERIALS AND METHODS
Study Site, Experimental Design, and
Sampling Time
The study was conducted during summer (July) 2018 on the
Global Change Experimental Facility (GCEF) that is settled in the
field research station of the Helmholtz Centre for Environmental
Research in Bad Lauchstädt, Saxony-Anhalt, Germany (51◦22’60
N, 11◦50’60 E, 118 m a.s.l.). The area is characterized by a sub-
continental climate and prevailing West winds. Mean annual
precipitation averages at 489 mm (1896–2013) and 525 mm
(1993–2013) and mean temperature at 8.9◦C (1896–2013), 9.7◦C
(1993–2013). The soil of the study site is a Haplic Chernozem
characterized by a high content of organic carbon down to a
depth of more than 40 cm and a high water holding capacity
(Altermann et al., 2005). The GCEF consists of 50 plots with a
size of 16 × 24 m each (Supplementary Figure S1). These 50
plots were randomly assigned to one of five land-use treatments
(conventional farming, organic farming, intensively managed
grassland, extensively managed grassland used meadow, and
extensively managed grassland used pasture). Half of the plots (25
plots) are subjected to the ambient and future climate scenarios,
respectively. The future climate treatment is a consensus scenario
across three models (COSMO-CLM (Rockel et al., 2008), REMO
(Jacob and Podzun, 1997) and RCAO (Döscher et al., 2002))
of climate change in Central Germany for the years between
2070 and 2100. For this, future climate plots (Supplementary
Figure S2) are equipped with mobile shelters and side panels
as well as an irrigation system, and the roofs are controlled
by a rain sensor. Precipitation is reduced by ∼20% in summer
months and increased by ∼10% in spring and autumn. The
shelters and panels automatically close from sundown to sunrise
to increase temperature over all seasons of the year by ∼2◦C.
More details regarding the GCEF design have been published
elsewhere (Schädler et al., 2019).
We performed our analyses in the 10 plots of the extensively
managed grassland ecosystem subjected to the future climate
scenario (5 plots) in comparison with the plots of ambient
climate conditions (5 plots). The meadows are managed by
moderate mowing (2–3 times per year) without application of
herbicides or fertilizers. The vegetation consists of 56 plant
species: 14 grass, 10 legumes, and 32 other herbs (Supplementary
Table S1). The experiment was conducted on mid of July 2018
(summer), which was corresponding with the highest effect of the
manipulated future climate treatment on soil ecosystem function
(plant residues decomposition) at the GCEF (Yin et al., 2019).
In-situ Soil Bromodeoxyuridine Labeling,
DNA Extraction, and BrdU-Labeled DNA
Immunocapture
At each plot, three healthy plants of T. pratense L. (Red clover)
were selected. In-situ soil bromodeoxyuridine (BrdU) labeling
was done by injection of 10 ml of 10 mM BrdU in the
rooting domain of the soil followed by an incubation time
of 24 h, during which the plants were maintained under the
surrounding field conditions. The rhizosphere soil samples from
the three plants of each plot were then merged into a composite
sample. Only active, replicating cells are able to incorporate
the BrdU during DNA synthesis, labeling actively growing
microorganisms. DNA was extracted from the BrdU-treated
rhizosphere soils using a DNeasy PowerSoil kitTM (Qiagen Inc.,
Valencia, CA, United States) according to the manufacturer’s
instructions. Further, we refer to this DNA as “total DNA” as it
included all types of genomic DNA (dead cells, dormant cells,
in metabolically active, and in replicating cells). BrdU-labeled
DNA was isolated from the “total DNA” by an immunocapture
approach (Mcmahon et al., 2011) and represents the propagating
microbes. Briefly, for each sample, 2 µL monoclonal BrdU
antibodies (1 mg µL−1 mouse anti-BrdU, clone BU-33, Sigma-
Aldrich) was mixed with 18 mL denatured herring sperm DNA
[1.25 mg mL−1 in phosphate buffer saline (PBS), Promega]
and incubated for 45 min at 30◦C to form antibody-herring
sperm DNA complex. Denatured sample DNA (25 µL ∼200 ng
DNA + 10 µL PBS) was then added to antibody-herring sperm
DNA complex and incubated for 30 min at 30◦C to capture
Frontiers in Microbiology | www.frontiersin.org 3 February 2021 | Volume 12 | Article 629169
fmicb-12-629169 January 25, 2021 Time: 18:27 # 4
Wahdan et al. Active vs. Total Rhizosphere Microbiomes
BrdU-labeled DNA. After incubation, the mixture was added to
6.26 µL aliquots of washed DynabeadsTM goat anti-mouse IgG
(Invitrogen) in PBS–bovine serum albumin solution (PBS–BSA)
and incubated under slow rotation (10 rpm) for 35 min. The
Dynabead complex (Dynabead-BrdU antibodies-BrdU-labeled
DNA) was washed with 100 ml PBS–BSA eight times by adding
the wash solution and trapping the complex with a magnetic
particle concentrator (Dynal). BrdU-labeled DNA was released
from the washed Dynabeads by adding 25 µl BrdU solution
(1.7 mM in PBS–BSA) then incubated under slow rotation for
35 min. The BrdU-DNA was separated from the Dynabeads by
using a magnetic particle concentrator, and this DNA is referred
to as “active DNA.”
PCR and Illumina MiSeq Sequencing
Both “total DNA” and “active DNA” were subjected to PCR. The
V3–V4 region of the bacterial 16S rRNA was amplified using the
forward primer BAC341F (5’-CCTACGGGNGGCWGCAG-3’)
(Klindworth et al., 2013) and the reverse primer BAC785R
(3’-GACTACHVGGGTATCTAAKCC-5’) (Klindworth et al.,
2013), while the internal transcribed spacer region of the fungal
internal transcribed spacer region (ITS2) was amplified using the
forward primer ITS3 (5’-GCATCGATGAAGAACGCAGC-3’)
(White et al., 1990) and the reverse primer ITS4 (5’-TCCTC
CGCTTATTGATATGC-3’) (White et al., 1990). Amplification
was done in a two-step process. The forward primer of the
first PCR was constructed of the Illumina i5 sequencing primer
(5’-TCGTCGGCAGCGTCAGATGTG TATAAGA GACAG-3’)
and the forward sequence. The reverse primer was constructed
with the Illumina i7 sequencing primer (5’-GTCTCGTGGG
CTCGGAGATGTGTATAAGAGACAG-3’) and the specific
reverse primer. Amplifications were performed in 25 µl reactions
with Qiagen HotStar Hi Fidelity Polymerase Kit (Qiagen Inc.),
1 µl of each 5 µM primer, and 1 µl of template. Reactions were
performed on ABI Veriti thermocyclers (Applied Biosytems,
Carlsbad, CA, United States). Amplification conditions were
as follows: 95◦C for 5 min, then 35 cycles of 94◦C for 15 s,
54◦C for 60 s, 72◦C for 1 min, followed by one cycle of
72◦C for 10 min and 4◦C hold. Products from the first stage
amplification were added to a second PCR based on qualitatively
determine concentrations. During the second PCR, dual
indexes were attached using the Nextera XT Index Kit with the
same amplification conditions as the first stage, except for 10
cycles. Amplification products were visualized with eGels (Life
Technologies, Grand Island, NY, United States) as explained
by the manufacturer. Products were then pooled equimolar
and each pool was size selected in two rounds using Agencourt
AMPure XP (BeckmanCoulter, Indianapolis, IN, United States)
in a 0.75 ratio for both rounds. Size selected pools were then
quantified using the Quibit 2.0 fluorometer (Life Technologies).
Sequencing was performed using MiSeq (Illumina, Inc., San
Diego, CA, United States) 2 × 300 bp paired-end strategy
according to manufacturer’s manual.
Bioinformatics
The sequences corresponding to the forward and reverse primers
were trimmed from the demultiplexed raw reads using cutadapt
(Martin, 2011). Merging of the pair-end raw reads of bacterial
and fungal datasets was done using the simple Bayesian algorithm
with a threshold of 0.6 and a minimum overlap of 20 nucleotides
as implemented in PANDAseq (Masella et al., 2012). All the
assembled reads were filtered for high-quality sequence reads
(minimum sequence length 390 nucleotides for bacteria, and 120
nucleotides for fungi, maximum sequence length 520 nucleotides
for bacteria and 580 nucleotides for fungi, minimum average
Phred score of 25, and maximum length of 20 homopolymers
in the sequence and without ambiguous nucleotides). Potential
chimeras were removed using UCHIME (Edgar et al., 2011)
as implemented in MOTHUR (Schloss et al., 2009). High-
quality reads were clustered into operational taxonomic units
(OTUs) using cd-hit-est 4.6.2 (Fu et al., 2012) at a threshold
of 97% pairwise similarity. Bacterial 16S rRNA gene OTU
representative sequences were assigned against the SILVA v132
reference sequence database (Quast et al., 2013) to obtain
respective OTU tables. Fungal ITS representative sequences
were assigned against UNITE v7 sequence database (Kõljalg
et al., 2013) using the Bayesian classifier as implemented in
MOTHUR (Schloss et al., 2009). Singletons and doubletons
OTUs which might have originated from sequencing errors
were removed from the datasets. The sequences that were
classified as “Cyanobacteria,” “Chloroplast,” or “Mitochondria”
or were not classified at the kingdom level were removed
from the datasets. Ecological and metabolic functions were
predicted for detected bacterial OTUs using FAPROTAX (Louca
et al., 2016), the functional Annotation tool of Prokaryotic
Taxa v.1.1 and with FUNGuild (Nguyen et al., 2016) for fungi.
FAPROTAX is a database providing metabolic or ecological
function of prokaryotic clade. The functions of each individual
prokaryotic taxa were annotated using literature on cultivable
strains. FUNGuild, is a typical functional prediction tool that
is used to taxonomically parse fungal OTUs by ecological guild
independent of sequencing method.
Soil Enzyme Analysis
Activities of three hydrolytic enzymes were measured in the
same rhizosphere soil samples obtained from each plot. The
selected enzymes are involved in the breakdown of cellulose
(β-glucosidase), chitin and other β-1,4-linked glucosamine
polymers (N-acetyl-glucosaminidase) and polyphosphate (acid
phosphatase). We used a fluorimetric method (German et al.,
2011; Moorhead et al., 2016) based on the release of 4-
methylumbelliferone (MUB) as fluorescent dye-conjugated
substrates, 4-methylumbelliferyl-β-glucopyranoside (MUB-g) to
detect β-glucosidase activity, 4-methylumbelliferyl-N-acetyl-
β-glucosaminide (MUB-N) to detect N-acetyl-glucosaminidase,
and 4-methylumbelliferylphosphate (MUB-P) to detect acid
phosphatase activity. A sample suspension was homogenized
using an ultrasonic bath for 1 min and incubated with the
MUB-substrate at room temperature for 1 h. The reaction was
terminated by adding 50 µl of 1M NaOH. Fluorescence was
measured in microplates at an excitation wavelength of 355 nm
and an emission wavelength of 460 nm. Enzyme activities were
expressed as MUB release in nmol g−1 dry soil hour−1.
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Soil Physicochemical Analyses
The rhizosphere soil samples (100–200 g wet weight) from
each plot were dried then sieved. The rhizosphere soil pH was
measured using WTW Multi 3510 IDS (Weilheim, Germany).
Total carbon (TC) and total nitrogen (TN) concentrations in
rhizosphere soil were determined by dry combustion at 1000 ◦C
with a CHNS-Elemental Analyzer (Elementar Analysensysteme
GmbH, Hanau, Germany) as explained by manufacturer. Then,
soil carbon/nitrogen (C/N) ratio was calculated based on TC
and TN. Available soil phosphorus was extracted and measured
according to Bray 1 method (Gutiérrez Boem et al., 2011).
Cations (K+, Mg2+, Ca2+, and Na+) in the rhizosphere soil were
determined by atomic absorption spectrophotometry according
to the manufacturers’ specifications (Hitachi Z 5300, Hitachi—
Science & Technology, Japan). Physicochemical properties of soil
did not differ significantly between ambient climate and future
climate plots (Supplementary Table S2).
Statistical Analysis
Statistical analyses were performed in PAST program version
2.17c (Hammer et al., 2001) and R environment version 3.6.1 (R-
Development-Core-Team, 2019). We normalized the datasets to
the minimum number of sequence reads per sample (11,352 and
9,536 sequences reads for bacterial and fungal OTUs, respectively;
Supplementary Figure S3) by using the function “rrarefy” from
the vegan (Oksanen et al., 2019) package in the R software
(R-Development-Core-Team, 2019). Microbial observed OTU
richness was calculated and used as a proxy for bacterial and
fungal diversity. A permutation multivariate analysis of variance
(NPMANOVA) based on Jaccard (presence/absence measures)
was performed to test statistical significance among active and
total microbial fractions under ambient and future climate
regimes. Non-metric multidimensional scaling (NMDS) of the
bacterial and fungal communities based on OTU composition
was carried out using the Jaccard similarity metric to identify
differences between active and total microbial communities
under each climate regime. Normal distributions of the data
were checked with the Shapiro–Wilk test. Two-way analyses
of variance (ANOVA), followed by the Tukey’s post hoc test,
were used to analyze the effects of microbial fractions (total
or active) and climate regime (ambient or future) on the
OTU richness on different taxonomic levels (phyla, class, and
order) and on the OTU richness of each specific bacterial
function and fungal guild. The results considered significant
at p < 0.05. Pearson correlation was applied on the normally
distributed data to test the correlation between microbial
OTU richness and respective enzyme activity in soil. To test
the correlation between soil physicochemical factors and the
different microbial communities (total bacterial community,
active bacterial community, total fungal community, and active
fungal community) composition, we extracted the information
of each community using principal component analysis (PCA).
The first, second, and third axis scores of PCA were used
to represent the microbial community composition as shown
in some previous studies (Ramette, 2007; Purahong et al.,
2016). Correlations between the three axis scores of PCA
of each bacterial and fungal community and physicochemical
parameters or enzyme activities were calculated using Spearman’s
product-moment correlation (p < 0.05). Correlations between
OTUs richness of specific bacterial functions and fungal guilds
were calculated using Spearman’s correlation, and Benjamini-
Hochberg FDR multiple test correction was applied. The
hierarchical structure of taxonomic classification of the detected
bacterial and fungal OTUs was presented by a heat-tree (based
on relative abundance and presence/absence data) created by
metacoder (Foster et al., 2017) package in R software.
RESULTS
Richness of Active and Total
Rhizosphere Microbiomes Under Climate
Regimes
Within the bacterial communities, 12,354 OTUs were detected
with 4,030 OTUs (32.6%) overlapping between total and active
(BrdU-labeled) communities and 1,263 OTUs (10.2%) unique to
the active community (Figure 1A). For the fungal community,
1,638 OTUs were detected with 469 OTUs (28.6%) overlapping
between total and active communities and 106 OTUs (6.5%)
unique to the active community (Figure 1B). Unique active
OTUs were the low abundant active microbial communities
that were masked by highly abundant inactive community.
According to the observed OTU richness of both active and
total microbial fractions, we estimated the ratio of the active
fraction within the total microbial community to 42.8% for
bacteria and 35.1% for fungi in rhizosphere soil (Figures 1A,B
and Supplementary Figure S4). The bacterial and fungal OTU
richness were used as proxy for microbial diversity in respective
active and total communities. As expected, OTU richness of
total bacteria and total fungi were significantly higher than
those of the active communities (two-way ANOVA, p < 0.001),
whereby both bacterial and fungal OTU richness did not
differ significantly under ambient and future climate regimes
(Figures 1C,D).
To test the relation between microbial abundances in active
and total community, the relative abundance of “active DNA”
sequencing reads (of rarefied OTUs) were correlated to the
relative abundance of “total DNA” sequencing reads of the same
sample. The Spearman’s rank correlation between the two the sets
of relative abundance values, of each sample separately, showed
non-significant (ρ = 0.025, p > 0.05) or weak (ρ = 0.09 – 0.41,
p < 0.05) correlations (Supplementary Figure S5) indicating
that the presence of microbes in the rhizosphere soil does not
imply their activity.
Compositions of Active and Total
Microbial Communities Under Ambient
and Future Climate Regimes
Microbial community compositions were analyzed at the
OTU level. BrdU-labeled active microbial communities were
distinct from the total communities. NMDS ordination
based on Jaccard distances grouped all DNA-labeled samples
Frontiers in Microbiology | www.frontiersin.org 5 February 2021 | Volume 12 | Article 629169
fmicb-12-629169 January 25, 2021 Time: 18:27 # 6
Wahdan et al. Active vs. Total Rhizosphere Microbiomes
FIGURE 1 | Richness and community composition of active (bromodeoxyuridine-labeled immunocaptured DNA) and total microbial communities. (A) 42.8% of
bacterial and (B) 34.1% of fungal OTUs were representing the active community in the rhizosphere soil. (C) Total bacterial OTU richness (3,525 ± 63 OTUs,
mean ± SE) was significantly higher (p < 0.001) than that of the active community (1,140 ± 110 OTUs). (D) OTU richness of total fungal community (463 ± 20
OTUs) was significantly higher (p < 0.001) as compared with the active community (91 ± 20 OTUs). Values with the same letter did not differ significantly according
to Tukey’s HSD tests. Nonmetric multidimensional scaling (NMDS) ordination plots of active and total (E) bacterial and (F) fungal community composition under
ambient and climate regimes; the plots indicate Jaccard dissimilarity between samples based on presence/absence data; the plots are supported by the results of
two-way NPMANOVA. T, total community; A, active community.
(active community) away from non-labeled samples (total
community) (Figures 1E,F). This was confirmed by the two-way
NPMANOVA that showed statistically significant differences in
community composition between total and active soil microbial
fractions in both bacteria (F = 4.31, p = 0.001) and fungi
(F = 3.91, p = 0.001). However, no significant difference between
communities under ambient and future climate regimes was
detected (p> 0.05) (Figures 1E,F).
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We examined the taxonomic composition of active and total
microbial communities in the rhizosphere soil. A total of 24
bacterial (Figures 2A,B and Supplementary Table S3) and
6 fungal phyla (Figures 2D,E and Supplementary Table S4)
were retrieved from all datasets but with different relative
abundances between active and total community compositions.
Unique active microbial taxa represented by low-abundance
reads in rhizosphere soil were retrieved by BrdU incorporation
(Supplementary Figure S6).
In terms of OTU richness, in the active fraction, the
most frequently detected phyla were Actinobacteria (41.2%
of OTUs), Proteobacteria (34.2%), Bacteroidetes (8.3%),
Firmicutes (4.7%), Acidobacteria (3.5%), and Chloroflexi
(2%) (Figure 2C). The most frequently detected phyla in the
total community were Actinobacteria (58.8%), Proteobacteria
(17.9%), Acidobacteria (6.9%), Chloroflexi (5.7%), Planctomycetes
(3.5%), Gemmatimonadetes (1.9%), and Verrucomicrobia (1.7%)
(Figure 2C). Two-way ANOVA showed that OTU richness of
Proteobacteria, Firmicutes, and Bacteroidetes were significantly
higher (p< 0.05) in the active than in the total communities while
significantly more Actinobacteria, Acidobacteria, Chloroflexi,
Gemmatimonadetes, Planctomycetes, and Verrucomicrobia were
present in the total community than in active community.
The climate regime had no significant effect on any of the
detected phyla. 18 fungal classes were detected from all fungal
communities where Ascomycota was the most frequently
detected phylum accounting for 72.5 and 88.2% of detected
OTUs in active and total community, respectively, followed
by Basidiomycota accounting for 7.6 and 6.4% of detected
OTUs in active and total community, respectively (Figure 2F).
Mortierellomycetes and Agaricomycetes were represented by
significantly higher OTU richness in the active community than
in the total community. On the other hand, Dothideomycetes,
Eurotiomycetes, Leotiomycetes, Pezizomycetes, Tremellomycetes,
and Glomeromycetes were represented by significantly more
OTUs in the total community than in the active one. Significantly
more Eurotiomycetes and Pezizomycetes OTUs were present
under future than ambient climate regime, while significantly
more Sordariomycetes OTUs were present under ambient climate
than future climate regime (two-way ANOVA, p < 0.05).





The Spearman’s rank correlation between soil parameters, and
microbial communities were used to determine which factors
shape active and total microbial community compositions. Total
and active bacterial and fungal communities correlated with
completely different soil physicochemical factors (Table 1).
C/N, N and pH were found to be significantly correlated
with the total bacterial communities (p < 0.05). The active
bacterial community was correlated only with Ca2+ (p < 0.05).
Significant correlation of soil organic matter and moisture
were detected with the total fungal community (p < 0.05).
Active fungal community was correlated with both P and Ca2+
(p< 0.05).
Functional Assignment of Active and
Total Rhizosphere Microbial Community
Compositions
All predicted bacterial trophic modes and functions were
present among the members of the active as well as the total
community compositions under ambient and future climate
regimes (Figure 3A).The OTU richness of the specific bacterial
functions (e.g., N-fixation, fermentation, plant pathogen, nitrate
respiration, ligninolysis, cellulysis, methylotrophy, and animal
parasites) was not statistically different between active and total
communities (two-way ANOVA, p > 0.05) (Figure 3B and
Supplementary Figure S19). We also found that the future
climate had almost no impact on the predicted metabolic
functions, except for chitinolysis and ureolysis bacteria as they
showed a significantly higher OTU richness (two-way ANOVA,
p< 0.05) under the future climate than ambient climate regime.
The OTU richness of assigned fungal guilds revealed that the
active fungal community was governed by plant pathogens (40.7–
24.1% of OTUs in active and total community composition)
and saprotrophs (36.3–46.4% of OTUs) (Figure 4A). The OTU
richness of the major detected guilds were significantly higher
(two-way ANOVA, p < 0.05) in the total community than in the
active community (Figure 4B and Supplementary Figure S19).
The effect of climate regime was detected only in case of animal
pathogens where the OTU richness was significantly higher
under the future climate than ambient climate regime.
Relationship Between Biodiversity and
Ecosystem Functioning
No effects of the climate regime on activities of β-glucosidase
and acid phosphatase were observed. In contrast, the activity
of N-acetyl-glucosaminidase (t-test, p = 0.02) was significantly
higher under the future climate regime (Supplementary
Figure S20). We investigated the relationships between the
studied ecosystem function (extracellular enzymes) and (i) active
and total microbial diversity (OTU richness), (ii) OTU richness of
specific bacterial functional groups and fungal guilds of the active
and total communities and (iii) the community composition of
active and total bacteria and fungi.
Active and total microbial community richness and enzyme
activity were correlated. We found that active bacterial OTU
richness correlated significantly positively with β-glucosidase
(R = 0.68, p = 0.029) and N-acetyl-glucosaminidase (R = 0.68,
p = 0.03) activities (Figures 5A,B), while active fungal OTU
richness correlated significantly positively with acid phosphatase
(R = 0.74, p = 0.014) activity (Figure 5C). On the other hand, total
bacterial and fungal communities had no significant correlation
with any enzyme activities (Figures 5D–F).
Further analyses revealed significant positive correlations
of the OTU richness of specific active bacterial and fungal
functional groups with different enzymes activities. For
instance, chemoheterotrophic and aerobic chemoheterotrophic
active community richness correlated with β-glucosidase and
Frontiers in Microbiology | www.frontiersin.org 7 February 2021 | Volume 12 | Article 629169
fmicb-12-629169 January 25, 2021 Time: 18:27 # 8
Wahdan et al. Active vs. Total Rhizosphere Microbiomes
FIGURE 2 | Taxonomic composition of (A) total and (B) active bacteria and (D) total and (E) active fungi represented by heat trees. Each node of the heat tree
represents a taxon used to classify OTUs, and the edges determine where it fits in the overall taxonomic hierarchy. The color scale of the nodes and edges
represents the sequences reads abundance. Microbial community structures at (C) phylum level in bacteria and (F) class level in fungi. The bar plot shows the OTU
richness of the active and total microbial community under the ambient and future climate regimes.
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N-acetyl-glucosaminidase activity, atmospheric N-fixing active
groups correlated positively with N-acetyl-glucosaminidase
activity, while ureolysis and chitinolysis correlated positively
with β-glucosidase activity (Figure 3C). Furthermore, active
saprotrophic, endophytic, and plant pathogenic fungal richness
positively correlated with β-glucosidase enzyme activity
(Figure 4C). Few specific ecological functional groups of total
bacterial and fungal communities showed significant correlations
with soil enzyme activities (Figures 3C, 4C).
N-acetyl-glucosaminidase correlated with the community
compositions of active bacterial (p = 0.04) and total fungal
communities (p = 0.03) (Table 1). Active bacteria were also
marginally significantly correlated with β-glucosidase activities
(p = 0.07). Acid phosphatase was correlated with both total
(p < 0.05) and active (p = 0.07, marginal significant) fungal
communities (Table 1).
DISCUSSION
Estimation of the Active Microbial
Fraction in the Rhizosphere Soil Using
BrdU-Immunocapture Approach
Several studies have already estimated the proportion of active
soil microorganisms in different ecosystems. The ratio of active
microbes in soil based on a microbial cultivation approach
and direct microscopic estimations after cell staining revealed
that 10–40% (up to 60%) of the total microbial biomass
was potentially active microbes (Blagodatskaya and Kuzyakov,
2013). Another study reviewed that approx. 80% of total cell
counts as determined by fluorescence in situ hybridization
(FISH) or staining with CTC, and approx. 50% of OTUs of
ribosomal RNA–ribosomal DNA terminal restriction fragment
length polymorphism (TRFLP) in bulk soil may be inactive
(Lennon and Jones, 2011). In our study, 43 and 35% of the
detected bacterial and fungal community richness, respectively,
represented active members (based on BrdU immunocapture
and Illumina sequencing) in the rhizosphere soil of Trifolium
pratense of a grassland ecosystem. The majority of bacterial
and fungal phyla and ecological functions were represented
in the active fraction, indicating that a broad microbial
spectrum was capable of BrdU uptake and that its detection
by immunocapture technique works. The experiment was
performed at the Global Change Experimental Facility, a field
infrastructure with a realistic scenarios to compare ecosystem
effects on biological systems, so the incubation conditions with
BrdU was not artificial, no additional substrates (isotopically
labeled) were added, and therefore, the results reflect a
realistic image of the soil microbial community in an active
status. Despite the general assumption that the active soil
community represents a subset of the total soil community,
reported results showed that these two fractions are quite
independent from each other and that the active community
is similar in richness as or even more taxonomically diverse
than the total community (Baldrian et al., 2012; Romanowicz
et al., 2016; Nawaz et al., 2019). In our approach, the active
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FIGURE 3 | The potential bacterial functions based on FAPROTAX database. (A) Bar plot shows a comparison of predicted functions between active and total
bacterial communities under ambient and future climate regimes based on the percentage of observed OTUs in each treatment. (B) OTU richness of five of highly
abundant functions. *Significant difference of functional richness between metabolically active and total community (p < 0.05, two-way ANOVA test). **Significant
difference of functional richness between metabolically active and total community and a significant influence of climate regime on the functional richness (p < 0.05,
two-way ANOVA test). (C) Spearman’s rank correlation (rho) between the OTU richness of detected functions (in active and total community composition) and the
measured enzyme activities in the rhizosphere soil. *Significant correlations (p < 0.05) between the two factors are indicated by asterisks.
bacterial and fungal community composition could, however,
be considered as a subsets of the total microbial community
composition, as we detected a low proportion of active bacterial
(10.2%) and fungal (6.5%) OTUs unique to the active fraction.
These unique active communities were masked by the high
abundant inactive taxa. Application of the BrdU-immunocapture
has removed the interference of inactive highly abundant
microbes.
Active and Total Microbial Communities
Composition Are Different and Are
Shaped by Soil Physicochemical Factors,
but Not by Climatic Factors
Similar to previous studies in rhizosphere and bulk soils
of other ecosystems (Freedman et al., 2015; Ragot et al.,
2016; Cardoso et al., 2017; Li et al., 2019), our results
indicated that there are significant differences between the
total and the active microbial community compositions. We
found that the total community was more diverse than
the active one. This could be explained by the fact that
rhizosphere is a highly chemically dynamic compartment with
tremendous microbial interactions (Singh et al., 2004; Zhalnina
et al., 2018). Thus, at any given time only some specific
substrates are available and only some microbes with ability
to use these substrates have a chance to become active
(Vieira et al., 2019). The rest of the microbes may stay
inactive until suitable substrates are present in the rhizosphere
(Lennon and Jones, 2011). In addition, appropriate conditions
(i.e., edaphic, climatic, and biotic factors) may also play
very important roles to activate microbes (Li et al., 2015;
Birgander et al., 2018).
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FIGURE 4 | The predicted fungal guilds based on the FUNguild database. (A) Bar plot shows a comparison of ecological guilds between active and total fungal
communities under ambient and future climate regimes based on the percentage of observed OTUs in each treatment. (B) Richness of five of highly abundant
specific guilds at OTU level. *Significant difference of functional richness between metabolically active and total community (p < 0.05, two-way ANOVA test).
**Significant difference of functional richness between metabolically active and total community and a significant influence of climate regime on the functional
richness (p < 0.05, two-way ANOVA test). (C) Spearman’s rank correlation (rho) between the OTU richness of detected functions (in active and total community
composition) and the measured enzyme activities in the rhizosphere soil. *Significant correlations (p < 0.05) between the two factors are indicated by asterisk.
Our results revealed that total and active microbial
communities are shaped by different soil factors. There
appears to be no study comparing active and total microbial
community in the rhizosphere soil in comparable systems
with our study, thus we compare our results to studies in bulk
soils. Studies in the bulk soil of temperate grassland and forest
ecosystem emphasized that the same environmental factors (soil
moisture, pH as well as soil C and N) shaped the total and active
bacterial communities (Ragot et al., 2016; Romanowicz et al.,
2016). Also, the same environmental factors shaped the total
and active fungal community in bulk soil of a forest ecosystem
(Romanowicz et al., 2016). We do find that these factors shape
the total microbial communities in the rhizosphere soil, but not
the active microbial communities (Table 1). We found that the
active bacterial communities were correlated with Ca2+ while
active fungal communities were correlated with Ca2+ and P.
This could be explained by the importance of these elements
for active microorganisms because of their contribution to
active physiological processes. Ca2+ is involved in a number of
bacterial processes such as maintenance of cell structure, motility,
adhesion, cell division, gene expression and cell differentiation
processes such as sporulation, heterocyst formation, fruiting
body development and biofilm formation (Norris et al., 1996;
Torrecilla et al., 2004; Das et al., 2014). Also, Ca2+ is involved
in hyphal tip growth of fungi (Jackson and Heath, 1993).
Previous studies reported that Ca2+ content in soil influence
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FIGURE 5 | Pearson correlation between OTU richness of different microbial communities and the measured enzyme activity in soil showing a significant positive
correlation between active bacteria and (A) β-glucosidase, (B) N-acetyl-glucosaminidase, and (C) active fungi and phosphatase activity. Non-significant correlations
between total bacteria and (D) β-glucosidase, (E) N-acetyl-glucosaminidase activity, and (F) total fungi and acid phosphatase activity.
bacterial community structure (Rezapour, 2013; Xue et al., 2017).
Furthermore, P is essential as part of many cellular compounds,
such as DNA and the energy carrier adenosine triphosphate
(ATP). Available P in our system (extensively managed grassland)
is limited as we do not supply any fertilizer, thus P mineralization
and assimilation are important processes in the rhizosphere.
Members of the active fungal community composition were
capable to assimilate the dissolved phosphate in soil (Caldwell,
2005). Similar to these results we found a positive correlation
between active fungal community composition and phosphatase
activity, indicating that some active fungi hydrolyze P from
organic compounds and thereby making P bioavailable in
the rhizosphere soil. In this study of a microbial hot spot, we
demonstrated that active microbial community composition was
very differently organized compared to the total community
with no overlapping factors shaping respective community
compositions. In less active environments such as bulk soil, the
total and active community compositions were different but they
were shaped by similar soil physicochemical properties (Ragot
et al., 2016; Romanowicz et al., 2016).
At the Global Change Experimental Facility (GCEF), the
future climate scenario regime was started in 2014 and included
altered precipitation patterns during the year and an increase of
mean annual temperatures by ∼2◦C (Schädler et al., 2019). Our
sampling was performed after four years of climate manipulation,
however, our results indicated that both bacterial and fungal
communities, except for specific few taxa, have not been
influenced by the future climate scenario. Microbial communities
may have been resistant to the changing environmental factors,
enabled by microbial trait plasticity. Another possibility is that
microbial communities showed some resilience and returned
to its original composition after being disturbed during the
drought periods of summer months (Allison and Martiny,
2008). In addition, it is possible that microbial communities
changed at the genomic level that were not visible from 16S
and ITS sequencing data. Also, investigation of the microbial
extracellular enzymes production revealed mostly a resistance
toward the future climate scenario. The recovery of enzymes has
been also reported during the rewetting after drought periods
(Pohlon et al., 2013). In addition, it is interesting to find one of
the most important bacterial function, atmospheric N-fixation,
has not been altered by changing climate. T. pratense is an
efficient atmospheric N fixer plant because of the symbiosis
with nitrogen fixing bacteria (Fustec et al., 2010) suggesting that
T. pratense could be considered as a soil fertility supporting
crop in the future.
Ecosystem Functions Are Linked With
Active Rather Than Total Microbial
Diversity
The relationship between microbial diversity and ecosystem
functioning (BEF) is complex and understanding this elusive link
is one of the most demanding scientific challenges (Cardinale
et al., 2012). In soil, a large portion of the microbial diversity
detected may not contribute to functions at a given point in
time, obscuring microbial BEF studies. We found that the studied
ecosystem function (enzymes activity) was correlated with active
but not total microbial communities.
In addition, the enzymes’ activity was linked with the
richness of specific functional classes (metabolic function or
functional guilds) of the active community. For instance, we
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found that the richness of active chemoheterotrophic and
aerobic chemoheterotrophic communities, the two dominant
trophic modes, positively correlated with β-glucosidase and
N-acetyl-glucosaminidase activity. This can be explained by
the fact that the bulk of the enzyme activity is contributed by
microbes that can be characterized by their high occurrence
and large biomass, comparatively higher metabolic activity
and larger quantities of secretion of extracellular enzymes
into the soil (Joshi et al., 2018). It is also interesting that
active bacteria associated with N cycling (N-fixing) were
positively linked with activity of N acquisition enzyme
(N-acetyl-glucosaminidase). Due to the high activity of
N-fixing microbes in our rhizosphere soil, Nitrogen fixed
by T. pratense microbes is released into the soil mainly
through N-containing exudates as well as root decomposition
(Thilakarathna et al., 2018). As a result, the N content in
the form of NO3−-N, NH4 + -N and dissolved organic N
is increased in the rhizosphere (Thilakarathna et al., 2018)
leading to increase in the activity of N-acetyl-glucosaminidase
enzyme (Schleuss et al., 2019). Moreover, richness of active
fungi was positively correlated with phosphatase activity. Our
study field is characterized by no application of fertilizers,
which resulted in limitation of P. We detected many fungal
genera capable of solubilization and mineralization of insoluble
soil phosphate to release soluble P and making it available to
plants (Alori et al., 2017), including Alternaria, Arthrobotrys,
Aspergillus, Cladosporium, Curvularia, Fusarium, Myrothecium,
Oidiodendron, Paecilomyces, Saccharomyces, Schwanniomyces,
Torula, and Trichoderma.
Our findings thus provide experimental evidence that soil
ecosystem function can be reasonably predicted by the overall
and function specific richness and the community composition
of active microbial community. We performed our study in a
short time scale, and hence, large-scale ecological studies are
needed to assess our findings, including other ecosystems and
time scales.
CONCLUSION
Soil, the rich ecosystem, includes numerous and diverse
microorganisms. Some microbes were active and responsible for
ecosystem function, while other are non-active and may serve as
a backup of functional redundant microbes and/or a reservoir
of the genetic information. We found that the composition of
the active and total microbial community compositions were
distinct from each other. Moreover, the active communities
were more accurately to reflect the correlation between tested
soil function and microbial richness. Furthermore, we provide
evidence on the factors shaping active community compositions
in the rhizosphere soil, which were totally different from
those that shape the total community composition. Finally,
our results showed that soil microbes in the rhizosphere
of T. pratense (both active and inactive portions) were
highly adaptable to the future climate changes, and thus,
they can provide soil ecosystem functions nowadays and in
the future.
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1. Supplementary Tables 
Supplementary Table S1. The vegetation of the extensively managed grassland plots - Global change 
experimental facility (GCEF) 
 




Supplementary Table S2. Physicochemical properties of rhizosphere soil of ambient and future 
climate. Values represent mean ± sd. The values did not differ significantly between ambient and future 
climate soils (t-test, p>0.05). 
Edaphic factor Ambient climate  future climate  
pH 6.47±0.18 6.53±0.17 
Organic Matter (%) 5.18±0.72 4.45±0.41 
 P (ppm.) 129.86±18.49 124.16±14.33 
CEC 8.64±0.26 8.64±0.3 
K (m.e/100g soil) 1.12±0.36 1.19±0.21 
Na (m.e/100g soil) 0.43±0.25 0.54±0.39 
Ca (m.e/100g soil) 21.08±4.82 19.39±3.83 
Mg (m.e/100g soil)  2.4±0.03 2.55±0.39 
C/N 11.79±2.25 10.25±1.82 
 
Supplementary Table S3. Sequence read numbers of the bacterial OTUs of active and total 
community.  













2. Supplementary Figures 
 
Supplementary Figure S1. Aerial view for the Global Change Experimental Facility (GCEF) field 
research station of the Helmholtz Centre for Environmental Research in Bad Lauchstädt, Saxony-
Anhalt, Germany, photo taken by Tricklabor Berlin/Service Drone. 
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Supplementary Figure S2. Closed shelters and panels of the future climate plots of the GCEF, photo 





Supplementary Figure S3. Rarefaction curves for bacterial communities and fungal communities. 
OTUs are estimated at a 3% difference level. 
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Supplementary Figure S4. Venn diagram showing treatment-specific and shared (A) bacterial and 



















Supplementary Figure S5. Spearman’s rank correlation between numbers of sequences reads of each 
OTU in BrdU-labelled active DNA and number of sequences reads in the corresponding total DNA 






  Supplementary Material 
 8 
 
Supplementary Figure S6. Relative abundance of unique active taxa retrieved by BrdU-
immunocapture incorporation at (A) order level in bacteria and (B) genus level in fungi. 
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Supplementary Figure S7. Community composition of active and total bacteria under ambient and 
future climate regimes represented by heat tree of overall bacterial microbiome of each microbial 
fraction, taxa are shown to phylum level. 
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Supplementary Figure S8. Community composition of active and total bacteria under ambient and 
future climate regimes represented by heat tree of overall bacterial microbiome of each microbial 
fraction, taxa are shown to class level. 
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Supplementary Figure S9. Community composition of total bacteria under ambient and future climate 
regimes represented by heat tree, taxa are shown to order level. 
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Supplementary Figure S10. Community composition of active bacteria under ambient and future 
climate regimes represented by heat tree, taxa are shown to order level. 
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Supplementary Figure S11. Community composition of total bacteria under ambient and future 
climate regimes represented by heat tree, taxa are shown to genus level. 
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Supplementary Figure S12. Community composition of active bacteria under ambient and future 
climate regimes represented by heat tree, taxa are shown to genus level. 
 15 
 
Supplementary Figure S13. Community composition of active and total fungi under ambient and 
future climate regimes represented by heat tree of overall fungal microbiome of each microbial 
fraction, taxa are shown to class level. 
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Supplementary Figure S14. Community composition of active and total fungi under ambient and 
future climate regimes represented by heat tree of overall fungal microbiome of each microbial 
fraction, taxa are shown to order level. 
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Supplementary Figure S15. Community composition of total fungi under ambient and future climate 
regimes represented by heat tree, taxa are shown to family level. 
  Supplementary Material 
 18 
 
Supplementary Figure S16. Community composition of active fungi under ambient and future 
climate regimes represented by heat tree, taxa are shown to family level. 
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Supplementary Figure S17. Community composition of total fungi under ambient and future climate 
regimes represented by heat tree, taxa are shown to genus level. 
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Supplementary Figure S18. Community composition of active fungi under ambient and future 
climate regimes represented by heat tree, taxa are shown to genus level. 
 21 
 
Supplementary Figure S19. OTU richness of predicted bacterial metabolic functions (FAPROTAX-
based) and fungal guilds (FUNGuild-based) detected in active and total communities under ambient 
and future climate regimes.  
 




Supplementary Figure S20. Comparison between the activities of three extracellular enzymes under 
ambient and future climate regimes. A=ambient climate regime. F=future climate 
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change. Trifolium pratense	 (red	 clover),	 an	 important	 forage	 legume	 crop,	 positively	
contributes	to	ecosystem	sustainability.	However,	T. pratense is known to have lim-
ited	 adaptive	 ability	 toward	 climate	 change.	Here,	 the	T. pratense	microbiomes	 (in-
cluding	both	bacteria	and	fungi)	of	the	rhizosphere	and	the	root,	shoot,	and	flower	
endospheres	were	 comparatively	 examined	 using	metabarcoding	 in	 a	 field	 located	







future	climate	conditions	slightly	altered	 the	 relative	abundances	of	specific	 fungal	
classes	 of	 the	 aboveground	 compartments.	 We	 predicted	 several	 microbial	 func-
tional genes of the T. pratense	microbiome	involved	in	plant	growth	processes,	such	
as	 biofertilization	 (nitrogen	 fixation,	 phosphorus	 solubilization,	 and	 siderophore	bi-
osynthesis)	 and	biostimulation	 (phytohormone	and	auxin	production).	Our	 findings	
indicated that T. pratense	microbiomes	show	a	degree	of	resilience	to	future	climate	
changes.	Additionally,	microbes	inhabiting	T. pratense	may	not	only	contribute	to	plant	
growth	promotion	but	also	to	ecosystem	sustainability.
K E Y W O R D S
climate	change,	plant	endosphere,	Illumina	Miseq,	microbiome,	rhizosphere,	Trifolium pratense
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1  |  INTRODUC TION
Forage	 legume	 crops	 with	 high	 protein	 and	 fiber	 contents	 are	 a	
major	livestock	feed	source.	The	integration	of	forage	legumes	into	
the cropping systems can have beneficial effects on soil health and 
fertility,	as	well	as	on	controlling	weeds,	insect	pests,	and	pathogens	
(Sheaffer	&	Seguin,	2008).	Trifolium pratense	L.	(red	clover),	a	forage	
legume	crop	 in	 the	 temperate	 regions,	 is	a	key	component	of	sus-
tainable	livestock	farming	systems	(De	Vega	et	al.,	2015).	In	the	16th 
century,	T. pratense	was	used	 as	 a	 protein-	rich	 fodder	 in	 livestock	
agriculture.	T. pratense	was	further	used	as	a	“nitrogen-	assimilating	
crop” in the 19th	 century	when	 the	soil	nitrogen	content	depleted	
in	Europe	 (Kjærgaard,	2003;	McKenna	et	al.,	2018).	Red	clover	ef-
ficiently	 fixes	 atmospheric	 nitrogen	 (N)	 due	 to	 its	 symbiotic	 asso-
ciation	with	N-	fixing	bacteria	(Fustec	et	al.,	2010).	Additionally,	the	
use	of	red	clover	increases	soil	fertility	through	the	rhizodeposition	
of	 plant	 exudates	 containing	 soluble	 N	 compounds	 (Paynel	 et	 al.,	
2008).	The	decomposition	of	 red	clover	residues	results	 in	 the	re-
lease	of	40–	70%	of	the	total	plant	N	into	the	soil	within	5–	10	weeks	
of	 decomposition	 (Lupwayi	 et	 al.,	 2006).	 Therefore,	 red	 clover	 is	
considered	 a	 “fertility-	building	 crop”	 (McKenna	 et	 al.,	 2018).	 The	
incorporation	of	red	clover	in	agricultural	crop	rotations	is	an	alter-
native	and	sustainable	method	of	 introducing	N	into	 low-	input	ag-
ricultural	practices.	 In	addition	to	 its	application	 in	agriculture,	red	




















the cascading effects of climate change on T. pratense performance. 
However,	 the	 response	 of	 the	 T. pratense microbiome to climate 
changes has not been examined.
The	 plant	 holobiont,	 which	 comprises	 the	 host	 plant	 and	 its	
endocellular	 and	 extracellular	 microbiome	 (Rosenberg	 &	 Zilber-	
Rosenberg,	2018),	 is	considered	a	biological	entity	associated	with	
stability,	 adaptation,	 and	 evolution,	 and	 not	 as	 individual	 biotic	
components	(Vandenkoornhuyse	et	al.,	2015).	The	host	plant	traits,	
such	 as	 resistance	 against	 pathogens,	 immune	 system	 priming,	
and	growth,	are	dependent	on	the	host's	microbiome	composition	








of specific microbes and/or by the colonization of novel microbes 
that	facilitate	the	host	adaptation	to	external	stress	(Bulgarelli	et	al.,	
2013;	Haney	et	al.,	2015).	However,	enhanced	microbiome	plasticity	
increases	 the	 risk	 of	 pathogen	 invasion	 and	 undesirable	microbes	
enrichment	 with	 a	 concomitant	 loss	 of	 beneficial	 ones	 (Voolstra	
&	Ziegler,	 2020).	 Beneficial	microbiome	plasticity	 depends	 on	 the	
dynamics	within	useful	microbes	that	maintain	high	 levels	of	func-
tional	redundancy	in	the	original	microbial	communities.	In	another	
scenario,	 the	microbiome	may	 respond	 to	 environmental	 changes	
by	 exhibiting	 resistance	 or	 by	 maintaining	 a	 constant	 community	
structure	with	a	high	potential	 to	adapt	 to	external	 stress	 (Allison	
&	 Martiny,	 2008).	 The	 plasticity	 or	 resistance	 of	 host-	associated	
microbiomes	may	contribute	to	host	adaptation.	Nevertheless,	the	
adaptive strategies employed by the T. pratense microbiome in re-
sponse	to	future	climate	conditions	are	so	far	unclear.
Within	 the	 host	 plant,	 microbial	 communities	 vary	 between	
the	belowground	and	aboveground	plant	compartments,	which	are	
distinct	 ecological	 niches	 with	 variations	 in	 nutrients	 and	 oxygen	
availability	 in	 different	 tissue	 types	 (Beckers	 et	 al.,	 2017;	Cregger	









interaction	 (Berendsen	 et	 al.,	 2012).	 The	microbiome	 composition	
of the root endosphere depends on the ability of microbes to in-
vade	root	tissues	from	the	surrounding	rhizosphere	and	rhizoplane	
(Pangesti	et	al.,	2020;	Vandenkoornhuyse	et	al.,	2015).	Soil	 is	also	




are	 recruited	 from	 soil	 (Zarraonaindia	 et	 al.,	 2015).	 Additionally,	





as	 plant	 growth-	promoting	 bacteria	 (PGPB)	 determines	 their	 re-
sponse	to	the	environmental	and	climate	changes	through	direct	and	









and	mycobiome	 (i.e.,	 bacterial	 and	 fungal	microbiomes)	 associated	
with	four	ecological	niches/compartments	of	T. pratense and to eval-
uate	their	potential	ecological	and	metabolic	functions	in	responding	
to	future	climate	conditions.	The	rhizosphere	and	the	endospheres	





mimicking	 the	 prediction	 for	 the	 next	 50–	70	 years	 on	 ecosystem	
processes	in	plots	under	different	land-	uses	(Schädler	et	al.,	2019).	
The sampling was performed 4 years after starting the climate ma-
nipulation	 in	 summer	 as	 it	 represents	 the	 critical	 season	 in	which	
the	future	climate	scenario	is	expected	to	have	the	highest	impacts	
on	soil	 functions	 (Yin	et	al.,	2019).	The	period	of	4	years	after	the	






biomes,	 respectively.	We	hypothesized	 that	T. pratense-	associated	
microbiomes	would	be	shaped	by	the	influence	of	both	biotic	(plant	
compartments/ecological	 niches)	 and	 abiotic	 (climate	 change)	 fac-
tors that varied in their relative importance.
2  |  MATERIAL S AND METHODS
2.1  |  Study site and experimental design
The	study	was	conducted	in	GCEF	at	the	field	research	station	of	the	






temperature	 was	 10.8°C	 with	 an	 annual	 rainfall	 of	 254	 mm.	 The	
study	field	comprised	the	Haplic	Chernozem	soil,	which	was	charac-
terized by a high content of organic carbon till a depth of more than 
40	cm	and	a	high	water-	holding	capacity	 (Altermann	et	al.,	2005).	
The	GCEF	field	infrastructure	(Figure	A1)	was	designed	to	compara-
tively	 investigate	 the	 consequences	 of	 future	 climate	 and	 current	
climate conditions on ecosystem processes in different land types 
(Schädler	 et	 al.,	 2019).	 Furthermore,	 the	GCEF	 comprises	 50	 field	
plots	 (400	m2	 each),	which	were	equally	divided	and	 subjected	 to	
the	current	and	future	climate	conditions.	Future	climate	condition	
is	a	consensus	scenario	across	three	models	(COSMO-	CLM	(Rockel	
et	 al.,	 2008),	REMO	 (Jacob	&	Podzun,	1997),	 and	RCAO	 (Döscher	
et	 al.,	 2002))	 of	 climate	 change	 in	 Central	 Germany	 for	 the	 years	
2070–	2100.	Hence,	 future	 climate	 plots	 (Figure	A2)	 are	 equipped	
with	mobile	shelters	and	side	panels,	as	well	as	an	irrigation	system.	
The	roofs	are	controlled	by	a	rain	sensor.	The	continuous	adjustment	
of irrigation or roof closing has decreased the precipitation by ap-
proximately	20%	in	the	summer	months	and	increased	the	precipita-
tion	by	 approximately	 10%	 in	 spring	 and	 autumn.	To	 simulate	 the	
increase	 in	 temperature,	 the	 standard	method	 “passive	 night-	time	





shelters,	 panels,	 and	 irrigation	 systems)	 to	mimic	 the	 possible	mi-
croclimatic	effects	of	the	experimental	setup.	The	resulting	changes	
in	climate	conditions,	due	to	climate	manipulation,	before	and	dur-
ing	 the	 study	period	 are	 shown	 in	Figure	A3.	For	more	details	 on	
the	field	station	design,	see	Schädler	et	al.	 (2019).	The	experiment	
was	performed	in	the	extensively	used	meadow	plots	subjected	to	
future	climate	conditions	 (5	plots)	 in	comparison	with	 the	plots	of	
current	 climate	 conditions	 (5	 plots).	 The	 vegetation	 comprises	 56	
plant	species	that	were	chosen	from	multiple	regional	natural	source	
populations	located	in	Central	Germany.	Each	source	population	is	




the	 highest	 effect	 of	 future	 climate	 conditions	 on	 soil	 ecosystem	
function	 (plant	 residue	decomposition)	at	 the	GCEF	 in	other	years	
(Yin	et	al.,	2019).
2.2  |  Sample collection and 
compartmentalization of the belowground and 
aboveground plant compartments
Each	climate	scenario	was	represented	by	five	plots.	At	each	plot,	
three healthy T. pratense	 L.	 (red	 clover)	 plants	were	 randomly	 se-
lected	 and	 their	 two	 belowground	 compartments	 (rhizosphere	
soil	 and	 root)	 and	 two	aboveground	compartments	 (leaf/stem	and	
flower)	were	examined.	In	total,	30	plants	(3	plants	×	10	plots)	were	
sampled,	the	two	halves	of	which	are	representing	current	and	fu-
ture	 climate	 scenarios.	 For	 each	 plant,	 the	 bulk	 soil	was	 removed	
by	vigorous	shaking	for	10	min.	The	adhering	rhizosphere	soil	was	
collected by vortexing the roots for 10 min in a sterile polymerase 
chain	reaction	(PCR)	water	(Barillot	et	al.,	2012).	The	root	was	sepa-
rated	 from	 the	 aboveground	 compartments	 and	 surface-	sterilized	
to	 collect	 the	 endophytes.	 Briefly,	 the	 root	 was	 washed	 under	
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running	distilled	water,	followed	by	three	washes	with	0.1%	Tween	
20,	a	3	min	wash	with	70%	ethanol,	and	five	washes	with	sterilized	
distilled	 water.	 Similarly,	 the	 endophytes	 were	 obtained	 from	 the	
aboveground	 compartments	 after	 surface	 sterilization.	 The	 leaves	
and	stems	were	considered	as	one	compartment,	while	the	flowers	
were considered a separate compartment. The two compartments 
were	washed	 twice	with	0.1%	Tween	20,	 followed	by	 five	washes	
with sterilized distilled water. The samples from the three plants 




2.3  |  DNA extraction, amplicon library 
preparation, and Illumina MiSeq sequencing
The	DNA	 extraction	was	 carried	 out	 using	 250	mg	 of	 each	 plant	
compartment	and	rhizosphere	sample	using	the	DNeasy	PowerSoil	
kit™	 (Qiagen	 Inc.),	 following	 the	 manufacturer's	 instructions	 and	
subjected	 to	 PCR.	 The	 V5–	V7	 region	 of	 the	 bacterial	 16S	 rRNA	
was	 amplified	 using	 the	 following	 primers:	 BAC799F	 forward	
(5′-	AACMGGATTAGATACCCKG-	3′)	 (Chelius	 &	 Triplett,	 2001)	 and	
BAC1193R	reverse	(5′-	ACGTCATCCCCACCTTCC-	3′)	(Bodenhausen	
et	 al.,	 2013).	 These	 bacterial	 primer	 pairs	 were	 chosen	 because	
they	 do	 not	 amplify	 the	 chloroplast	 DNA	 (Beckers	 et	 al.,	 2016).	
The	ITS2	region	of	fungi	was	amplified	using	the	following	primers:	
fITS7F	 forward	 (5′-	GTGARTCATCGAATCTTTG-	3′)	 (White	 et	 al.,	
1990)	and	ITS4	reverse	(5′-	TCCTC	CGCTTATTGATATGC-	3′)	(White	
et	 al.,	 1990).	 The	 amplification	was	 performed	 in	 a	 two-	step	 pro-
cess.	The	forward	primer	of	the	first	PCR	was	constructed	using	the	
Illumina	 i5	 sequencing	 primer	 (5′-	TCGTCGGCAGCGTCAGATGTG	
TATAAGA	GACAG-	3′)	 and	 a	 specific	 forward	 primer.	 The	 reverse	
primer	 was	 constructed	 using	 the	 Illumina	 i7	 sequencing	 primer	
(5′-	GTCTCGTGGG	CTCGGAGATGTGTATAAGAGACAG-	3′)	and	 the	
specific reverse primer. The amplification was performed in a 25 μl 











the	 second	PCR).	 The	 amplicons	were	 visualized	 using	 eGels	 (Life	
Technologies),	following	the	manufacturer's	instructions.	Equimolar	
concentrations	of	 the	products	were	pooled,	 and	 the	 size	of	each	
pool	 was	 selected	 in	 two	 rounds	 using	 Agencourt	 AMPure	 XP	
(BeckmanCoulter)	in	a	0.75	ratio	for	both	rounds.	The	size-	selected	
pools	 were	 then	 quantified	 using	 a	 Quibit	 2.0	 fluorometer	 (Life	
Technologies).	 Sequencing	 was	 performed	 using	 MiSeq	 (Illumina,	
Inc)	with	a	2	×	300	bp	paired-	end	strategy,	following	the	manufac-
turer's	instructions.
2.4  |  Processing of amplicon data






















classified	as	 “Cyanobacteria,”	 “Chloroplast,”	or	 “Mitochondria”	 and	






which	employs	16S	 rRNA	gene-	based	 taxonomic	 information,	 and	
the	Kyoto	Encyclopaedia	of	Genes	and	Genomes	(KEGG)	database	
were	used	to	predict	 the	metabolic	 functional	attributes	of	bacte-
rial	communities	 in	the	rhizosphere	and	endosphere	of	T. pratense. 
Tax4Fun	converted	the	SILVA-	labeled	OTUs	into	prokaryotic	KEGG	
organisms	 and	 normalized	 these	 predictions	 using	 the	 16S	 rRNA	
copy	number	(obtained	from	the	National	Center	for	Biotechnology	
Information	genome	annotations).
2.5  |  Physicochemical analyses of the 
rhizosphere soil
The	rhizosphere	soil	samples	(100–	200	g	wet	weight)	from	each	plot	
were dried and sieved. The pH of the rhizosphere soil was meas-
ured	 using	WTW	Multi	 3510	 IDS.	 The	 rhizosphere	 soil	 was	 sub-
jected	to	dry	combustion	at	1000°C	to	determine	the	total	carbon	
    |  5 of 34WAHDAN et Al.
(TC)	and	total	nitrogen	(TN)	concentrations	using	a	CHNS-	Elemental	
Analyzer	(Elementar	Analysensysteme	GmbH),	following	the	manu-









2.6  |  Statistical analysis
All	statistical	analyses	were	performed	using	the	PAST	program	ver-
sion	2.17c	 (Hammer	et	al.,	2001)	and	R	environment	version	3.6.1	
(R-	Development-	Core-	Team,	 2019).	 All	 the	 analyses	 were	 con-
ducted	 based	 on	 five	 independent	 replicate	 plots	 of	 the	 field	 ex-
periment	(n	=	5)	for	each	treatment.	The	datasets	were	normalized	







a	 Venn	 diagram	 with	 the	 software	 available	 at	 http://bioin	forma	





was	 skewed,	we	used	 log10-	transformed	diversity	 indices	 data	 for	
further	statistical	analysis	while	the	original	values	were	used	only	
for	data	visualization	(Figure	2).	To	test	the	influence	of	climate,	plant	
compartment,	 and	 their	 interaction	 on	microbial	 diversity,	 a	 split-	








Microbial	 (bacteria	 and	 fungi)	 community	 composition	was	 as-
sessed	by	computing	Jaccard	and	Bray–	Curtis	dissimilarity	matrices	
and	 then	 visualized	 using	 non-	metric	 dimensional	 scaling	 (NMDS)	
ordinations	 using	 the	 function	 “metaMDS”	 in	 the	 vegan	 R	 pack-
age	 (Oksanen	 et	 al.,	 2019)	 to	 visualize	 compositional	 differences.	
To	 test	whether	 ecological	 niche	 (plant	 compartment),	 climate,	 or	
their	 interaction	 had	 a	 significant	 effect	 on	 community	 composi-
tion,	permutational	multivariate	analysis	of	variance	(NPMANOVA)	
(Anderson,	 2001),	 and	 analysis	 of	 similarities	 (ANOSIM)	 based	 on	
Bray–	Curtis	and	Jaccard	dissimilarities	between	microbial	communi-
ties	(OTU	level)	were	performed	for	999	permutations.	Additionally,	
NPMANOVA	 pairwise	 post	 hoc	 comparisons	 were	 performed	 to	
evaluate	 the	 effect	 of	 the	 tested	 factors	 on	 bacterial	 and	 fungal	
communities	separately	using	the	function	“pairwise.adonis”	in	the	
vegan	 R	 package	 (Oksanen	 et	 al.,	 2019).	 Similarly,	 NPMANOVA,	
NMDS,	and	heat	map	were	performed	 to	 test	 the	 impact	of	plant	
compartment,	 climate,	 or	 their	 interaction	on	 the	 functional	 com-





on	 the	 relative	 abundance	 of	 each	 microbial	 class	 colonizing	 the	
same	 plant	 compartment.	 The	 hierarchical	 cluster	 analysis	 (HCA)	
was	applied	based	on	the	Bray–	Curtis	dissimilarity	matrix	to	test	the	
plant	niche-	specific	and	climate	effect	on	 the	most	abundant	bac-
terial	 and	 fungal	 genera.	 Similarity	 percentages	 (SIMPER)	 analysis	
was	 performed	with	PAST	 software	 to	 examine	 the	dissimilarities	












analysis was performed for the rhizosphere microbiome.
3  |  RESULTS
3.1  |  Richness and diversity of T. pratense 




under	 both	 current	 and	 future	 climate	 conditions	 was	 analyzed	
(Figure	 1).	 The	 rhizosphere	 soil	 harbored	 the	 highest	 number	 of	
unique	OTUs	(43.5%	and	41.5%	for	bacteria	and	fungi,	respectively).	
A	large	proportion	of	the	OTUs	in	the	rhizosphere	was	shared	with	
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F I G U R E  1 (a)	Compartmentalization	of	Trifolium pratense.	Venn	diagrams	showing	the	distribution	of	(b)	bacterial	and	(c)	fungal	
operational	taxonomic	units	in	each	plant	compartment	and	(d)	climate	conditions	for	each	compartment
TA B L E  1 Results	of	split-	plot	analysis	of	variance	of	the	effects	of	climate,	plant	compartment,	or	their	interactions	on	bacterial	and	
fungal	diversity	indices
Source of variation
Shannon's diversity Observed richness Estimated richness (Chao- 1)
df F value Pr (>F) df F value Pr (>F) df F value Pr (>F)
Bacteria
Climate 1 1.49 0.289 1 0.532 0.506 1 0.978 0.378
Plant	compartment 3 67.70 <0.001 3 115.39 <0.001 3 108.61 <0.001
Climate	×	Plant	
compartment
3 0.93 0.438 3 1.66 0.200 3 1.19 0.334
Fungi
Climate 1 19.58 0.011 1 3.91 0.118 1 9.22 0.038
Plant	compartment 3 194.18 <0.001 3 428.83 <0.001 3 397.76 <0.001
Climate	×	Plant	
compartment
3 5.15 0.006 3 2.346 0.098 3 2.98 0.051
Significant	values	(p	<	0.05)	are	indicated	in	bold,	marginal	significant	(p	<	0.1)	values	are	indicated	in	italic.
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of	all	bacterial	and	fungal	OTUs,	respectively)	endosphere,	followed	
by	leaf/stem	(39%	and	38%	of	all	bacterial	and	fungal	OTUs,	respec-
tively)	 endosphere,	 rhizosphere	 (29%	and	22%	of	 all	 bacterial	 and	
fungal	OTUs,	respectively),	and	flower	(22%	and	25%	of	all	bacterial	
and	fungal	OTUs,	respectively)	endosphere	(Figure	1d).
The	 effects	 of	 plant	 compartments,	 climate,	 or	 both	 on	 alpha	
diversity	 indices	 (Shannon's	diversity,	 observed	 richness,	 and	esti-




ness were significantly higher in the leaf/stem and root endospheres 
under	 the	 future	 climate	 conditions	 compared	 to	 current	 climate	
conditions	(Figure	2).
3.2  |  Community composition and taxonomic 
structure of T. pratense microbiome
The	composition	of	the	bacterial	and	fungal	microbiomes	of	T. prat-
ense	 at	 the	OTU	 level	 (97%	 identity)	was	 examined.	NPMANOVA	
corroborated	 by	 NMDS	 plots	 based	 on	 unweighted	 UniFrac	 dis-
tances	(Figure	3a,b;	Table	A2)	revealed	that	the	microbial	(both	bac-
teria	 and	 fungi)	 communities	 distinctively	 clustered	 based	 on	 the	





Among	 the	 samples,	 52	 bacterial	 classes	 were	 detected.	 Of	
these,	 the	 abundance	 of	 10	 bacterial	 classes	 (>97%	 of	 total	 se-




significantly high in the rhizosphere as compared to other com-
partments,	 while	 those	 of	 Alphaproteobacteria	 (Kruskal–	Wallis:	
ꭓ2	 =	 27.14,	 p	 =	 5.50	 ×	 10−7)	 and	 Gammaproteobacteria	 (Kruskal–	
Wallis:	 ꭓ2	 =	 13.17,	 p	 =	 0.044)	 were	 significantly	 high	 in	 the	 root	
and leaf/stem endospheres as compared to other compartments. 
In	 total,	 21	 fungal	 classes	 were	 detected.	 Of	 these,	 the	 abun-
dance	 of	 six	 classes,	 which	 accounted	 for	 more	 than	 57%	 of	 the	
F I G U R E  2 Alpha	diversity	indices	of	(a–	c)	bacterial	and	(d–	f)	fungal	microbiomes	in	each	compartment	of	Trifolium pratense	under	both	
current	and	future	climate	conditions.	Error	bars	indicate	the	standard	error;	♦	represent	mean	values.	Different	lower-	case	letters	indicate	
significant	differences	(p	<	0.05)	according	to	Fisher's	Least	Significant	Difference
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sequence	 relative	 abundance	 (Figure	 3d),	 significantly	 differed	
among the plant compartments. The leaf/stem endosphere was sig-
nificantly	enriched	in	Dothideomycetes	(Kruskal–	Wallis:	ꭓ2	=	27.57,	
p	 =	 4.47	 ×	 10−6)	 and	 depleted	 in	 Eurotiomycetes	 (Kruskal–	Wallis:	
ꭓ2	=	33.07,	p	=	2.58	×	10−7).	Meanwhile,	Sordariomycetes	(Kruskal–	
Wallis:	ꭓ2	 =	32.71,	p	 =	3.67	×	10−7)	 and	Agaricomycetes	 (Kruskal–	
Wallis:	ꭓ2	 =	 27.28,	p	 =	 4.62	 ×	 10−6)	were	 significantly	 enriched	 in	
the	 rhizosphere	 compared	 to	other	 compartments.	 Future	 climate	
conditions	 did	 not	 significantly	 affect	 the	 relative	 abundances	 of	
the	dominant	bacterial	classes	in	the	plant	compartments.	For	fungi,	
the	 future	 climate	 conditions	 increased	 the	 relative	 abundance	 of	
Eurotiomycetes	 (Mann–	Whitney:	 p	 =	 0.015)	 and	 Agaricomycetes	
(Mann–	Whitney	U test: p	=	0.031)	in	the	leaf/stem	endosphere	and	




at	 the	genus	 level	 revealed	that	 the	plant	compartments	were	the	
major	 determinant	 of	 genera	 composition	 (Figure	 A4).	 The	 most	
abundant	bacterial	genera	were	Pantoea and Rhizobia	(relative	abun-
dance	of	16%	and	9%	among	all	bacterial	sequences,	respectively),	








3.3  |  Analysis of plant compartment/niche and 
climate indicator species
Indicator	 species	 analysis	 identified	 the	 bacterial	 and	 fungal	 taxa	




future	 climate	 conditions	 and	 belonged	 to	 Plectosphaerellaceae,	
Stachybotryaceae,	Helotiales,	and	Hypocreales,	which	colonized	the	
root and leaf/stem endospheres.
3.4  |  Potential function of T. pratense microbiome 
across different plant niches and climate conditions
FAPROTAX	and	FUNGuild	were	used	 to	 classify	 the	bacterial	 and	
fungal	OTU	based	on	ecological	functions	to	determine	the	micro-
bial	 function	 distribution	 among	 the	 compartments	 of	 T. pratense 
and	the	climate	conditions	(Figure	4).	NMDS	analysis	clustered	the	
potential	 functional	 groups	 according	 to	 the	 plant	 compartment	
(Figure	A5)	for	both	bacteria	(Bray–	Curtis	distances,	F = 10.15 and 
p	 =	0.0001;	 Jaccard	distance,	F	 =	13.89	and	p	 =	0.001)	 and	 fungi	
(Bray–	Curtis	distances,	F = 45.00 and p	=	0.001;	Jaccard	distance,	
F = 20.91 and p	=	0.001)	(Table	A6).	Climate	conditions	did	not	con-
tribute	 to	 shaping	 the	 overall	 functional	 compositions.	 However,	
climate	conditions	affected	the	functions	of	the	mycobiome	of	the	
leaf/stem	 endosphere.	 The	 relative	 abundances	 of	 saprotrophs	
(Mann–	Whitney:	 p	 =	 0.007),	 plant-	pathogen/saprotrophs	 (Mann–	










3.5  |  Prediction of the metabolic functions of the 








tions did not affect the overall predicted metabolism of the bacterial 
communities	(F	=	0.73,	p	=	0.512).	 In	contrast,	the	metabolic	func-
tions	of	bacteria	in	each	compartment	significantly	varied	(F	=	13.01,	
p	 =	 0.001)	 (Table	 A10).	 Additionally,	 the	 genes	 encoding	 plant	






Table	A11).	 The	 climate	 conditions	did	not	 affect	 the	 composition	
of	 predicted	 functional	 genes	 involved	 in	 plant	 growth-	promoting	
traits	(F	=	0.97,	p	=	0.374;	Table	A12).
4  |  DISCUSSION
4.1  |  Red clover compartments/niches exhibit 
distinct microbial composition
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community	 in	 the	 flower	 and	 leaf	 epiphytes	of	T. pratense	 (Gaube	
et	al.,	2020).	The	bacterial	 composition	 is	also	 reported	 to	vary	 in	
different compartments of the model plants Arabidopsis thaliana 
(Bulgarelli	 et	 al.,	 2012),	 Populus	 spp.	 (Cregger	 et	 al.,	 2018),	 and	
Medicago truncatula	(Brown	et	al.,	2020),	as	well	as	those	of	the	non-	
model	 plants,	 such	 as	Myrtillocactus geometrizans	 (Fonseca-	Garcia	









value p- value Indicator species Family
All samples Future OTU22 0.9017 0.6667 0.775 0.043 Cadophora luteo- olivacea Helotiales_fam_
Incertae_sedis
OTU72 0.9776 0.4667 0.675 0.046 Gibellulopsis 
chrysanthemi
Plectosphaerellaceae
OTU46 0.9391 0.4667 0.662 0.037 Myrothecium Stachybotryaceae
All samples flower OTU51 1 1 1 0.001 Sclerotiniaceae Sclerotiniaceae
All samples Leaf/stem OTU12 0.9764 1 0.988 0.001 Colletotrichum Glomerellaceae
OTU16 0.9638 1 0.982 0.001 Chaetosphaeronema Phaeosphaeriaceae
OTU15 0.9002 1 0.949 0.004 Alternaria alternata Pleosporaceae




OTU43 0.8526 1 0.923 0.001 Chaetosphaeronema Phaeosphaeriaceae
OTU44 0.8464 1 0.92 0.006 Vishniacozyma victoriae Bulleribasidiaceae
OTU79 0.7753 1 0.881 0.002 Vishniacozyma Bulleribasidiaceae
OTU67 0.8274 0.9 0.863 0.004 Articulospora Helotiaceae
OTU42 0.9107 0.8 0.854 0.003 Acremonium fusidioides Hypocreales_fam_
Incertae_sedis
OTU72 0.98 0.6 0.767 0.009 G. chrysanthemi Plectosphaerellaceae
All samples Root OTU3 0.999 1 0.999 0.001 Exophiala Herpotrichiellaceae
OTU23 0.9974 1 0.999 0.001 Ilyonectria macrodidyma Nectriaceae
OTU33 0.9956 1 0.998 0.001 Periconia Periconiaceae
OTU5 0.9949 1 0.997 0.001 Fusarium solani Nectriaceae
OTU39 0.9862 1 0.993 0.001 Exophiala Herpotrichiellaceae
OTU24 0.9231 1 0.961 0.001 Clonostachys rosea Bionectriaceae
OTU11 0.9084 1 0.953 0.001 Fusarium proliferatum Nectriaceae
OTU50 0.9982 0.9 0.948 0.001 Pleosporales unclassified	
Pleosporales
OTU49 1 0.8 0.894 0.001 Cistella albidolutea Hyaloscyphaceae
OTU26 1 0.8 0.894 0.001 Darksidea Lentitheciaceae
OTU14 0.8812 0.9 0.891 0.001 Fusarium Nectriaceae
OTU28 0.9905 0.8 0.89 0.001 Glarea Helotiaceae
OTU25 0.8235 0.9 0.861 0.002 Plenodomus biglobosus Leptosphaeriaceae
OTU57 0.9034 0.8 0.85 0.002 Tetracladium 
marchalianum
Helotiaceae
OTU63 0.7093 1 0.842 0.003 Tetracladium Helotiaceae
OTU69 1 0.7 0.837 0.001 Helotiales
OTU55 0.95 0.7 0.815 0.004 Roussoella solani Thyridariaceae
OTU47 0.9333 0.5 0.683 0.017 Chaetomium 
angustispirale
Chaetomiaceae
OTU64 1 0.4 0.632 0.028 Pleosporales
Leaf/stem Future OTU42 0.8214 1 0.906 0.001 Acremonium fusidioides Hypocreales_fam_
Incertae_sedis
OTU60 0.9908 0.8 0.89 0.017 Stachybotrys Stachybotryaceae
OTU72 0.9576 0.8 0.875 0.010 G. chrysanthemi Plectosphaerellaceae
Root Future OTU69 0.9461 0.8 0.87 0.01 Helotiales
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et	 al.,	 2016),	Opuntia robusta	 (Fonseca-	Garcia	 et	 al.,	 2016),	 Cycas 
panzhihuaensis	 (Zheng	 &	 Gong,	 2019),	 Agave	 spp	 (Coleman-	Derr	
et	 al.,	 2016),	 Boechera stricta	 (Wagner	 et	 al.,	 2016),	 and	 Opuntia 
ficus-	indica	 (Karray	et	al.,	2020).	The	 limited	 studies	on	 the	 fungal	
phytobiomes	have	yielded	similar	results	as	the	fungal	composition	
was reported to be differentiated depending on plant compartments 
F I G U R E  5 The	heat	map	of	normalized	relative	abundance	of	metabolic	functional	profiles	of	Kyoto	Encyclopedia	of	Genes	and	Genomes	
(KEGG)	orthologs	(KOs)	assigned	to	KEGG	pathways	involved	in	plant	growth-	promoting	(PGP)	functions	within	Trifolium pratense bacterial 
microbiome.	RhC,	rhizosphere/current;	RhF,	rhizosphere/future;	RC,	root/current;	RF,	root/future;	LC,	leaf/stem/current;	LF,	leaf/stem/
future;	FC,	flower/current;	FF,	flower/future;	IAA,	indole	acetic	acid;	ACC,	1-	aminocyclopropane-	1-	carboxylate	deaminase
■ K02589; nitrogen regulatory protein PII 1
■ K03397; indoleacetate---lysine synthetase
■ K00115; glucose dehydrogenase (acceptor) 
■ K00531; nitrogenase
■ K10851; nitrogen regulatory protein A
■ K00463; indoleamine 2,3-dioxygenase
■ K05951; NAD+---dinitrogen-reductase ADP-D-ribosyltransferase
■ K02593; nitrogen fixation protein NifT
■ K02595; nitrogenase-stabilizing/protective protein
■ K02597; nitrogen fixation protein NifZ
■ K15790; nitrogen fixation protein NifQ
■ K15861; CRP/FNR family transcriptional regulator, nitrogen fixation regulation protein
■ K02596; nitrogen fixation protein NifX
■ K16326; putaive post-exponential-phase nitrogen-starvation regulator
■ K03788; acid phosphatase (class B) 
■ K03430; 2-aminoethylphosphonate-pyruvate transaminase 
■ K09474; acid phosphatase (class A) 
■ K04752; nitrogen regulatory protein P-II 2
■ K09612; alkaline phosphatase isozyme conversion protein
■ K01093; 4-phytase / acid phosphatase 
■ K01501; nitrilase
■ K02591; nitrogenase molybdenum-iron protein beta chain 
■ K02586; nitrogenase molybdenum-iron protein alpha chain 
■ K02587; nitrogenase molybdenum-cofactor synthesis protein NifE
■ K02585; nitrogen fixation protein NifB
■ K02592; nitrogenase molybdenum-iron protein NifN
■ K02588; nitrogenase iron protein NifH
■ K00180; indolepyruvate ferredoxin oxidoreductase, beta subunit
■ K01083; 3-phytase
■ K00179; indolepyruvate ferredoxin oxidoreductase, alpha subunit 
■ K01078; acid phosphatase 
■ K01505; 1-aminocyclopropane-1-carboxylate deaminase 
■ K01721; nitrile hydratase 
■ K00466; tryptophan 2-monooxygenase 
■ K07658; alkaline phosphatase synthesis response regulator PhoP
■ K15320; 6-methylsalicylic acid synthase
■ K01252; bifunctional isochorismate lyase / aryl carrier protein
■ K08225; MFS transporter, ENTS family, enterobactin (siderophore) exporter
■ K02806; PTS system, nitrogen regulatory IIA component 
■ K13498; indole-3-glycerol phosphate synthase / phosphoribosylanthranilate isomerase 
■ K06167; PhnP protein
■ K07708; two-component system, NtrC family, nitrogen regulation sensor histidine kinase GlnL
■ K16090; catecholate siderophore receptor
■ K13598; two-component system, NtrC family, nitrogen regulation sensor histidine kinase NtrY
■ K13599; two-component system, NtrC family, nitrogen regulation response regulator NtrX
■ K04751; nitrogen regulatory protein P-II 1
■ K05521; ADP-ribosylglycohydrolase
■ K04488; nitrogen fixation protein NifU and related proteins
■ K04103; indolepyruvate decarboxylase 
■ K01077; alkaline phosphatase 
■ K07712; two-component system, NtrC family, nitrogen regulation response regulator GlnG
■ K00117; quinoprotein glucose dehydrogenase
■ K01524; exopolyphosphatase / guanosine-5'-triphosphate,3'-diphosphate pyrophosphatase
■ K01126; glycerophosphoryl diester phosphodiesterase
■ K00817; histidinol-phosphate aminotransferase 
■ K00517
■ K04090; indolepyruvate ferredoxin oxidoreductase 
■ K01113; alkaline phosphatase D 
■ K01609; indole-3-glycerol phosphate synthase 
■ IAA
KO ID; KO description 
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from	 soil	 and	 atmosphere	 (Cregger	 et	 al.,	 2018).	 The	 variations	 in	
the	density	of	 invading	microbes	 and	 the	unequal	 distributions	of	
nutrients	 and	 oxygen	 among	 different	 plant	 tissues	 can	 also	 be	 a	
reason for microbial variations among different compartments 
(Vandenkoornhuyse	et	al.,	2015).
Additionally,	 consistent	 with	 the	 results	 of	 other	 studies,	 the	







ents	and	available	 intercellular	space	 in	the	plant	endosphere	 limit	
microbial	growth	and	colonization.	The	horizontal	transfer	of	fungal	
communities	 from	 the	 rhizosphere	 to	 the	 endosphere	was	 higher	
than	 that	of	bacterial	communities.	Among	 the	 rhizosphere	 fungal	
OTUs,	 39%	 were	 transmitted	 to	 the	 root	 endosphere,	 35%	 were	
shared	with	 root	and	 leaf/stem	endospheres,	and	6%	were	shared	






are	 high	 in	 the	 aboveground	 compartments.	 In	 contrast,	 the	 high	
level of specificity in the flower endosphere may indicate specific 
microbiome	recruitment	through	air	or	pollinators	(Vannette,	2020).
The analysis of the taxonomic composition of the clover micro-
biome in different compartments revealed that Actinobacteria and 
Sordariomycetes	were	the	predominant	microbes	in	the	rhizosphere.	




other	 potential	N-	fixing	 bacteria,	 such	 as	Bradyrhizobium,	Devosia,	
Ensifer,	Burkholderia,	Mesorhizobium,	Microvirga,	and	Phyllobacterium 
(Table	A7).	Previous	studies	have	reported	that	the	roots	of	Trifolium 
repens and Trifolium fragiferum comprised Rhizobium as the predom-
inant	microbe	with	decreased	abundance	of	 rhizobia	species,	such	
as Bradyrhizobium,	 Sinorhizobium,	 and	 Mesorhizobium	 (Liu	 et	 al.,	
2007;	Marilley	 &	 Aragno,	 1999).	 The	 T. pratense root endosphere 
was	enriched	 in	OTUs	of	various	genera,	such	as	Actinoplanes and 
Pseudomonas.	To	the	best	of	our	knowledge,	the	microbial	compo-
sition	of	 the	 leaf/stem	endosphere	has	not	been	previously	 inves-
tigated.	 In	 this	 study,	 the	 leaf/stem	 compartment	 predominantly	








This	 study	 investigated	 the	 red	clover	 inflorescence	microhabitats	
(calyx,	corolla,	pistil,	and	stamen)	as	one	unit.	The	microbiome	of	the	
flower	 predominantly	 comprised	 Gammaproteobacteria	 (Pantoea)	
and	 Mollicutes	 (Candidatus	 Phytoplasma),	 while	 the	 most	 preva-
lent	 fungal	 community	 members	 remained	 unidentified.	 A	 recent	
study	 on	 the	 seed-	borne	 endophytes	 of	 T. pratense revealed that 




ers that are transmitted to the next generation via seeds. Candidatus 
Phytoplasma,	 which	 is	 the	 obligate	 bacterial	 pathogen	 of	 plant	






transmission of both bacterial genera.
4.2  |  Red clover harbors various beneficial 
microbes for plant growth and system sustainability
The	analysis	of	the	predicted	bacterial	functional	genes	showed	vari-
ous	 genes	 involved	directly	or	 indirectly	 in	plant	 growth	 initiation	
and	adaptation	to	climate	changes.	For	example,	this	study	predicted	










enable the host plants to adapt to abiotic environmental stress con-
ditions	(Ikram	et	al.,	2018;	Van	de	Poel	&	Van	Der	Straeten,	2014).	
In	our	 study,	Pseudomonas,	Streptomyces,	and Pantoea are three of 
the	most	abundantly	detected	genera	in	the	rhizosphere	and	endo-
sphere samples that are reported to promote plant growth and pro-
duce	these	bioactive	compounds	(Abbasi	et	al.,	2019;	Bakker	et	al.,	
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Therefore,	T. pratense is considered one of the most important soil 
biofertilizer	forage	crops	that	contribute	to	system	sustainability.
4.3  |  The impact of climate change on microbial 
community composition of T. pratense
Climate	 changes	 in	 terms	 of	 increasing	 temperature,	 summer	
drought,	and	altered	precipitation	patterns	play	a	key	role	in	shaping	
soil	microbial	 communities	 (Mekala	&	Polepongu,	2019).	However,	
few	 studies	 have	 investigated	 the	 effect	 of	 climatic	 conditions	on	
plant-	associated	 microbiomes.	 Drought	 conditions	 obstruct	 root	
development	 leading	 to	 the	 limitation	 of	 water	 and	 nutrients	 up-
takes	 by	 plants	 and	 the	 diminishment	 of	 plant	 biomass	 (Al-	Arjani	
et	al.,	2020;	Hameed	et	al.,	2014).	In	addition,	severe	drought	may	
lead	to	over-	accumulation	of	reactive	oxygen	species	that	result	in	
extensive	 plant	 cell	 damage	 and	 death	 (Cruz	 de	 Carvalho,	 2008).	
Several	 plant-	associated	 microbes	 were	 found	 to	 contribute	 to	
drought	 stress	 tolerance	 in	 plants	 by	 carrying	 out	 various	 strate-
gies.	 For	 instance,	 arbuscular	 mycorrhizal	 fungi-	plant	 associations	
lead	 to	 the	 induction	 of	 particular	 genes	 to	 elevated	 levels	 of	 ex-
pression	such	as	P5CS	 involving	 in	proline	biosynthesis	and	genes	
coding	 for	 late	embryogenesis	abundant	 (LEA)	proteins	associated	
with	ions	and	antioxidative	stress	system.	Also,	it	regulates	the	ab-
scisic	acid	(ABA)	of	plant	content	(Ahanger	et	al.,	2014).	Moreover,	
arbuscular	mycorrhizal	 fungi	 could	mitigate	 the	negative	 effect	 of	











across	 a	wide	 range	 of	 arid	 zones	 (Gargouri	 et	 al.,	 2021).	 On	 the	
other	hand,	we	have	noticed	that	T. pratense resistance to cascading 
drought	 and	 rising	 soil	 temperature	was	 limited.	 A	marked	 reduc-
tion of T. pratense	cover	in	the	GCEF	was	detected	after	4	years	of	
growth	under	future	climate	conditions	(unpublished	results;	Figure	
A9).	In	contrast	to	previous	studies,	our	results	revealed	that	T. prat-
ense harbored a highly conserved microbiome that did not provide 
plasticity	 to	 the	host	 to	acquire	desirable	microbes	or	 reconstruct	
the	 community	 structure	 as	observed	 in	 the	bacterial	 community.	
Fungal	composition	appeared	to	be	more	sensitive	to	environmental	













future	climate	conditions.	Although	the	T. pratense microbiomes did 
not	differ	 at	 the	 community	 level,	 it	 is	 possible	 that	 the	microbial	
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APPENDIX 1
Edaphic/climatic factor Current climate Future climate
pH 6.47	±	0.18 6.53 ± 0.17
Organic	matter	(%) 5.18	±	0.72 4.45 ± 0.41
P	(ppm.) 129.86	±	18.49 124.16 ± 14.33
CEC 8.64	±	0.26 8.64	±	0.3
K	(m.e/100	g	soil) 1.12 ± 0.36 1.19 ± 0.21
Na	(m.e/100	g	soil) 0.43 ± 0.25 0.54 ± 0.39
Ca	(m.e/100	g	soil) 21.08	±	4.82 19.39	±	3.83
Mg	(m.e/100	g	soil) 2.4 ± 0.03 2.55 ± 0.39
C/N 11.79 ± 2.25 10.25	±	1.82
Precipitation	(mm) 0.80	±	0.23 0.82	±	0.13










Jaccard distance Bray– Curtis distances
Two- way NPMANOVA Two- way ANOSIM Two- way NPMANOVA Two- way ANOSIM
PseudoF p R p PseudoF p R p
Bacteria
Plant	compartment 8.684 0.001 0.765 0.001 10.386 0.001 0.656 0.001
Climate 0.991 0.382 0.005 0.471 1.386 0.201 −0.031 0.684
Plant	compartment	×	climate 0.979 0.453 nd nd 0.939 0.563 nd nd
Fungi
Plant	compartment 7.123 0.001 0.941 0.001 24.912 0.001 0.792 0.001
Climate 1.583 0.063 0.206 0.009 1.366 0.244 0.074 0.104











Rh,	R 10.437 0.367 0.001
Rh,	L 10.802 0.375 0.001
Rh,	F 8.538 0.321 0.001
R,	L 8.154 0.311 0.001
R,	F 7.937 0.306 0.001










F,	L 45.209 0.715 0.001
F,	Rh 48.685 0.730 0.001
F,	R 10.259 0.363 0.001
L,	Rh 20.290 0.529 0.001
L,	R 19.500 0.520 0.001
Rh,	R 16.556 0.479 0.001
Abbreviations:	Rh,	rhizosphere;	R,	root;	L,	leaf/stem;	F,	flower.




Rhizosphere Root Leaf & stem Flower
Bacterial 
community





















































Jaccard distance Bray– Curtis distances
Two- way NPMANOVA Two- way ANOSIM Two- way NPMANOVA Two- way ANOSIM
PseudoF p R p PseudoF p R p
Bacteria
Plant	compartment 13.897 0.001 0.544 0.001 10.153 0.0001 0.472 0.0001
Climate 1.519 0.163 0.093 0.053 1.102 0.332 −0.0345 0.681
Plant	compartment	×	climate 1.582 0.095 nd nd 1.190 0.282 nd nd
Fungi
Plant	compartment 20.912 0.001 0.625 0.001 45.007 0.001 0.864 0.001
Climate 1.357 0.231 0.026 0.308 2.388 0.093 0.138 0.021
Plant	compartment	×	climate 0.770 0.641 nd nd 1.332 0.255 nd nd
Abbreviation:	nd,	not	detected.
Significant	values	(p	<	0.05)	are	indicated	in	bold,	marginal	significant	(p	<	0.1)	values	are	indicated	in	italic.




Current climate Future climate
Rhizosphere Root Leaf/stem Flower Rhizosphere Root Leaf/stem Flower
Allorhizobium- Neorhizobium- 
Pararhizobium- Rhizobium
110 207 84 3 71 222 100 4
Aminobacter 0 1 0 0 0 1 1 0
Bradyrhizobium 40 11 3 1 39 37 6 1
Burkholderia- Caballeronia- 
Paraburkholderia
6 4 0 0 13 10 0 0
Devosia 18 27 23 2 14 32 45 1
Ensifer 3 3 1 0 2 7 2 1
Mesorhizobium 10 8 4 2 6 14 8 0
Methylobacterium 5 5 16 1 5 10 21 3
Microvirga 30 6 3 1 27 10 8 1
Ochrobactrum 0 1 1 0 0 2 0 0
Phyllobacterium 6 4 3 0 8 7 5 0
Rhizobium 15 33 23 1 13 31 32 2
Rhodopseudomonas 0 1 1 0 1 2 1 1
Shinella 1 0 2 0 1 2 1 0




Current climate Future climate
Rhizosphere Root Leaf/stem Flower Rhizosphere Root Leaf/stem Flower
Stemphylium 2 0 3 0 0 0 2 0
Alternaria 5 2 7 2 6 3 9 2
Boeremia 2 1 3 1 2 1 5 0
Fusarium 23 16 9 3 20 18 6 4
Ilyonectria 6 4 0 1 3 1 0 0
Nectria 1 1 0 0 1 0 0 0
Neoascochyta 1 0 0 0 0 0 1 1
Periconia 1 1 1 0 1 0 1 0
Acremonium 1 0 1 0 1 1 1 0
Ascochyta 2 0 2 0 2 0 1 0
Bipolaris 0 0 0 0 1 0 1 0
Botrytis 1 0 0 0 1 1 0 1
Cercospora 1 1 1 1 1 1 1 1
Clonostachys 8 4 2 1 7 3 1 0
Colletotrichum 0 0 1 0 2 0 0 0
Curvularia 0 0 0 0 1 0 0 0
Cylindrocarpon 1 0 0 0 1 0 0 0
Dendryphion 1 1 0 0 1 1 1 0
Devriesia 0 0 0 0 1 1 0 0
Didymella 1 3 1 1 2 2 2 1
Edenia 2 2 1 0 2 1 0 0
Eocronartium 4 0 0 0 4 0 0 0
Erysiphe 1 0 1 1 1 0 1 1
Erythricium 1 0 0 0 1 1 1 0
Gaeumannomyces 0 0 0 0 1 0 0 0
Gibberella 11 5 9 0 11 3 5 0
Gibellulopsis 14 2 3 0 12 2 2 1
Golovinomyces 0 0 0 1 0 0 0 1
Itersonilia 1 1 1 0 1 0 0 0
Laetisaria 0 0 0 0 1 0 0 0
Lectera 1 1 1 0 1 0 1 0
Leptosphaeria 1 1 0 0 1 1 0 0
Magnaporthiopsis 1 0 0 0 1 0 0 0
Monosporascus 0 1 0 0 2 1 0 0
Mycoleptodiscus 0 0 0 0 0 1 0 0
Mycosphaerella 0 0 0 0 1 0 0 0
Oculimacula 0 0 0 0 0 0 1 0
Plectosphaerella 15 4 11 0 16 9 15 0
Podosphaera 0 0 0 1 0 0 0 1
Powellomyces 2 0 0 0 1 0 0 0
Pyrenophora 0 0 1 1 0 0 0 1
Ramularia 1 0 0 0 1 0 1 0
Septoria 1 0 1 0 1 0 1 0
(Continues)
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Genera
Current climate Future climate
Rhizosphere Root Leaf/stem Flower Rhizosphere Root Leaf/stem Flower
Slopeiomyces 3 2 1 0 1 2 0 0
Stagonosporopsis 0 0 0 0 1 1 2 0
Thanatephorus 2 1 0 0 2 2 2 0
Volutella 1 0 0 0 0 0 0 0
Ustilaginaceae	
unclassified
0 0 2 2 2 1 1 0
Sclerotiniaceae	
unclassified




Two- way NPMANOVA Two- way ANOSIM
PseudoF p R p
Potential	N-	fixing	bacteria
Plant	compartment 3.95 0.001 0.60 0.0001
Climate 0.96 0.50 0.025 0.320
Plant	compartment	×	climate 1.00 0.43 nd nd
Potential	plant	pathogenic	fungi
Plant	compartment 8.69 0.001 0.903 0.001
Climate 1.51 0.101 0.019 0.378












Two- way NPMANOVA Two- way ANOSIM
PseudoF p R p
Bacteria
Plant	compartment 13.01 0.001 0.47 0.001
Climate 0.73 0.512 −0.09 0.961
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Source of variation/community
Bray– Curtis distances
Two- way NPMANOVA Two- way ANOSIM
PseudoF p R p
Bacteria
Plant	compartment 14.76 0.001 0.45 0.001
Climate 0.97 0.374 −0.05 0.853
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Figure	A4 Hierarchical	clustering	and	a	bar	plot	of	relative	abundances	of	the	most	abundant	(a)	bacterial	and	(b)	fungal	genera	among	
Trifolium pratense microbiome
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Summary
Climate and agricultural practice interact to influence
both crop production and soil microbes in
agroecosystems. Here, we carried out a unique experi-
ment in Central Germany to simultaneously investi-
gate the effects of climates (ambient climate vs. future
climate expected in 50–70 years), agricultural prac-
tices (conventional vs. organic farming), and their
interaction on arbuscular mycorrhizal fungi (AMF)
inside wheat (Triticum aestivum L.) roots. AMF com-
munities were characterized using Illumina sequenc-
ing of 18S rRNA gene amplicons. We showed that
climatic conditions and agricultural practices signifi-
cantly altered total AMF community composition. Con-
ventional farming significantly affected the AMF
community and caused a decline in AMF richness.
Factors shaping AMF community composition and
richness at family level differed greatly among
Glomeraceae, Gigasporaceae and Diversisporaceae.
An interactive impact of climate and agricultural prac-
tices was detected in the community composition of
Diversisporaceae. Organic farming mitigated the nega-
tive effect of future climate and promoted total AMF
and Gigasporaceae richness. AMF richness was sig-
nificantly linked with nutrient content of wheat grains
under both agricultural practices.
Introduction
Agriculture depends greatly on climatic conditions; there-
fore, climate change in terms of increasing temperature
and altered precipitation patterns introduces uncertainties
into the global food production and threatens biodiversity
in agroecosystems (Parry et al., 2004; Harley, 2011;
Malhi et al., 2020). In turn, agricultural practice strongly
affects climate, triggering societal demand for more sus-
tainable and environmentally friendly methods. Organic
farming is an alternative to conventional agriculture that
contributes to climate change mitigation by reducing
N2O, CH4 and CO2 emissions from soils (Mondelaers
et al., 2009) and promoting biodiversity (Bengtsson
et al., 2005; Hole et al., 2005).
Arbuscular mycorrhizal association is the most ancient
symbiosis between the roots of up to 80% of terrestrial vas-
cular plants and fungi of subphylum Glomeromycotina
(Smith and Read, 2008; Spatafora et al., 2016). Arbuscular
mycorrhizal fungi (AMF) are an important component of
agroecosystems. They do not only enhance plant resis-
tance towards biotic and abiotic stressors, promote plant
health and crop productivity (Al-Karaki et al., 2004; Kempel
et al., 2010; Mäder et al., 2011; Zhang et al., 2019), but
also contribute to enhanced ecosystem performance and
sustainability (Thirkell et al., 2017; Rillig et al., 2019; Field
et al., 2020). AMF have a key role in maintaining soil
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structure and function (Jeffries et al., 2003; Chen
et al., 2018). Through their extra-radical mycelium and pro-
duction of the glomalin protein, AMF increase water-stable
soil aggregates and reduce soil erosion (Rillig, 2004;
Mardhiah et al., 2016). They influence the soil carbon
dynamics as 4%–20% of plant photoassimilates are allo-
cated to the AMF (Bago et al., 2000). In addition, they con-
tribute to further nutrient cycles, mainly of phosphorus
(Karandashov et al., 2004) and nitrogen (Hodge and
Storer, 2014). Therefore, studies focusing on how climate
change would influence AMF communities in agroeco-
systems are crucial for predicting plant responses as well
as ecosystem functions and services.
Climate change comprises a variety of elements, such
as elevated atmospheric carbon dioxide concentrations
(eCO2), warming and altered precipitation patterns.
These factors can affect AMF directly, or indirectly
through their host plants (Cotton, 2018), or alter the inter-
action between AMF and the plants. A meta-analysis
study showed that AMF have been promoted by elevated
eCO2 (Treseder, 2004). On the other hand, warming
and variable precipitation were found to have more
wavering impacts on AMF than eCO2 (Bennett and
Classen, 2020). However, no consistent trends can
explain the direction of the detected impacts. For
instance, although soil warming has been found to have
positive (Rillig et al., 2002; Hu et al., 2015; Wheeler
et al., 2017), neutral (Rudgers et al., 2014) and negative
(Gao et al., 2016; Wilson et al., 2016) impacts on root
colonization rate, it increased (Kim et al., 2015) or did not
affect (Gao et al., 2016) spore density. Similarly, AMF
community composition has been observed to be altered
(Yang et al., 2013) or unaffected (Kim et al., 2015; Gao
et al., 2016) by warming. Impact of altered rainfall pat-
terns on AMF is less studied; however, AMF communities
were found to resist rainfall reduction and drought stress
in some ecosystems (Furze et al., 2017; Maitra
et al., 2019), but were altered due to increased precipita-
tion in others (Gao et al., 2016). Warming and altered
precipitation patterns as elements of climate change do
not occur in isolation, to the best of our knowledge. Nev-
ertheless, the combined and interactive effects of both
factors on AMF communities have been poorly studied.
Agriculturally-used land is known to be less rich in
AMF communities compared to natural land (Gosling
et al., 2006; Öpik et al., 2006). Agricultural practices in
terms of intensity of soil management, crop rotation sys-
tems, fertilizers amendment and pesticide application sig-
nificantly influence AMF abundance and community
composition (Oehl et al., 2003; Oehl et al., 2004;
Verbruggen et al., 2010; Peyret-Guzzon et al., 2016;
Banerjee et al., 2019; Aldrich-Wolfe et al., 2020). How-
ever, experimental evidence indicates that organic
farming, compared to conventional farming systems, is
less detrimental to AMF (Gosling et al., 2006). Moreover,
Verbruggen et al. (2010) found that a shift from conven-
tional to organic farming corresponded to a change in
AMF community composition, which resembled that in
moderately used grasslands. In general, low-input
organic agriculture enhances AMF populations (Oehl
et al., 2004; Verbruggen et al., 2010). Nevertheless, the
influence of the various agricultural regimes on each spe-
cific arbuscular mycorrhizal taxa is only investigated to a
lesser extent. Clearly, the interactive influence of climate
changes and agricultural regimes on the molecular rich-
ness and community composition of AMF is so far
scarcely studied.
Wheat (Triticum aestivum L.) is a major cereal plant
grown under diverse climatic conditions (Marris, 2008). The
positive contribution of cultured AMF towards wheat growth,
quality and yield is well studied (Treseder, 2013; Lehmann
and Rillig, 2015; Watts-Williams and Gilbert, 2019). How-
ever, the contribution of naturally occurring AM fungal com-
munities in agroecosystems to growth-related traits
(in terms of nutrient concentrations and grain quality) is not
yet well understood. For instance, García de Leon
et al. (2020) reported varied responses of different wheat
cultivars to AMF inoculum originated from organically man-
aged fields. On the other hand, Gottshall et al. (2017) found
a positive effect of organic field inoculum on wheat growth.
The present study took advantage of a field infrastruc-
ture, the Global Change Experimental Facility (GCEF),
established in Germany. This facility has been designed to
investigate the consequences of a predicted future climate
scenario on ecosystem processes under different land-use
types on large field plots in comparison with ambient cli-
mate (Schädler et al., 2019). Here, we aimed to evaluate
the impact of future climate and agricultural practices (con-
ventional vs. organic farming), as well as their combined
effects on total AMF and individual predominant mycorrhi-
zal families. In addition, we aimed to evaluate the relation-
ship between molecular richness of indigenous root AMF
and wheat yield parameters. Accordingly, we investigated
the dynamics of mycorrhizal richness and community com-
position in wheat roots across different development
stages of the plant, including the beginning of stem elon-
gation (rosette), inflorescence emergence (heading) and
ripening. We hypothesized that AMF richness and commu-
nity composition will be shaped by climatic conditions,
agricultural practices, and their interactions in complex
manners. Specifically, we expected that (i) the future cli-
mate scenario will alter AMF richness and community
composition, (ii) organic farming will maintain the AMF
richness and community composition under future climate
scenario as compared with the current climate, (iii) AMF
richness will positively correlate with wheat yield and
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nutrient concentrations only in organically managed farms,
where plant nutrition is highly dependent on AMF.
Results
AM fungal identities
A total of 192 ASVs were assigned to Glomeromycotina
and matched 33 virtual taxa (VT) from the MaarjAM data-
base. They belonged to three orders (Glomerales: 94 ASVs,
Diversisporales: 63 ASVs, and Archaeosporales: 12 ASVs),
plus 23 that were unclassifiable glomeromycetous ASVs.
The classified ASVs belonged to seven families
(Ambisporaceae, Archaeosporaceae, Diversisporaceae,
Gigasporaceae, Pacisporaceae, Claroideoglomeraceae
and Glomeraceae) and nine genera (Ambispora,
Archaeospora, Diversispora, Scutellospora, Pacispora,
Claroideoglomus, Funneliformis, Rhizophagus and
Septoglomus). The most ASV-rich families were
Glomeraceae, Diversisporaceae and Gigasporaceae, and
their relative abundance accounted for ~ 60%, ~ 10% and
~ 9% of total sequences, respectively. The most frequently
detected ASVs were classified as Funneliformis sp. (ASV2
and ASV3), Funneliformis mosseae (ASV4), Rhizophagus
intraradices (ASV5) and Archaeospora schenckii (ASV8)
(Fig. S1), and were detected in roots at all life stages of
wheat under both climate regimes and both agricultural
practices. Three genera were detected only in organic
farming plots, namely, Ambispora (heading stage/future
climate), Pacispora (ripening stage/future climate) and
Septoglomus (rosette stage/ambient climate and in all
growth stages/future climate).
Climate and soil factors influencing AMF community
composition and richness
PERMANOVA and Spearman’s rank correlation were
carried out to examine the relative importance of each
edaphic factor (Tables S1 and S2) for shaping AMF com-
munity composition and richness, respectively (Table S3).
AMF communities significantly correlated with soil mois-
ture (influenced by the climate regime), pH, mineral forms
of N (NO3 and NH4) and plant-available P and K. In addi-
tion, significant correlations between soil stoichiometry
(soil C/P and N/P ratio) and AMF community composition
were detected. The factors shaping total and specific
AMF family richness were total C, total N, NH4,
inorganic N, P, C/P ratio and pH. For instance, AMF ASV
richness correlated inversely with total C, total N and C/P
ratio. Gigasporaceae richness correlated inversely with
NH4, total inorganic N, C/N, and C/P ratio and positively
with P and pH.
Impact of climate change, agriculture practices, plant
growth stage and their interactions on arbuscular
mycorrhizal community composition
PCoA analysis and PERMANOVA indicated that the overall
AMF community composition differed between ambient and
future climates, conventional and organic farming practices
and plant growth stages (Table 1; Figs S2). Additionally,
Glomeraceae, Diversisporaceae and Gigasporaceae were
predominant with higher ASV richness and higher relative
sequences abundances, followed by Archaeosporaceae
and Claroideoglomeraceae, in both agricultural practices
under both climates (Fig. S3). Two families (Ambisporaceae
Table 1. PERMANOVA (Bray–Curtis dissimilarity matrix, permutations = 999) tested the influence of climate regime, agricultural practice, plant
growth stage and their interactions on arbuscular mycorrhizal community composition. Significant values are indicated in bold.
Model
AMF community Glomeraceae Gigasporaceae Diversisporaceae
R2 F.Model R2 F.Model R2 F.Model R2 F.Model
Climate regime 0.04 2.60*** 0.049 3.04** 0.03 1.11 0.03 1.32
Agricultural practice 0.04 2.87** 0.05 3.16** 0.03 1.36 0.02 1.17
Growth stage 0.06 1.98** 0.05 1.60 0.05 1.03 0.03 0.70
Climate regime × Growth stage 0.02 0.90 0.02 0.84 0.04 0.73 0.04 0.85
Agricultural regime × Growth stage 0.02 0.92 0.03 1.16 0.08 1.48 0.03 0.76
Climate regime × Agricultural practice 0.02 1.44 0.01 0.82 0.02 0.77 0.05 2.45**
Climate × Agricultural practice × Growth stage 0.02 0.69 0.01 0.52 0.09 1.62 0.03 0.73
Ambient climate AMF community Future climate AMF community
R2 F.Model R2 F.Model
Agricultural practice 0.06 2.08* 0.07 2.22*
Growth stage 0.10 1.68* 0.08 1.24
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and Pacisporaceae) appeared to be restricted to organic
farming under future climate, however only with low relative
abundances (Fig. S3). Ambient climate AMF communities
revealed significant differences between the two agricultural
practices and between each plant growth stage. Similarly,
the future climate community was significantly shaped by
the agricultural practice, but did not change in response to
the plant growth stages. A deeper look into the response of
community composition of each AMF family to the tested
experimental factors revealed that the Glomeraceae was
shaped by climate regimes and agricultural practices
(Table 1). The interactive impact of climate and agricultural
practice was evident for community composition of
Diversisporaceae, while Gigasporaceae showed resilience
towards all tested factors.
Impact of climate change, agriculture practices, plant
growth stage and their interactions on mycorrhizal ASV
richness
Future climate alone neither had significant effect on the
mycorrhizal ASV richness, nor within each of the three
most frequently detected AMF families (Table 2). In con-
trast, AMF responded significantly to the different agricul-
tural practices. Organic farming enhanced total AMF and
Diversisporaceae richness in wheat roots (Table 2; Fig. 1A
and D). In addition, a significant impact of interaction
between climate and agricultural practice was observed
for total AMF and Gigasporaceae; we found that organic
farming increased the mycorrhizal ASV richness under the
future climate regime. During different growth stages of
wheat, AMF richness within the roots changed. In general,
higher AMF richness was detected during the ripening
stage after fruit development. However, the dynamics of
individual AMF families within plant roots differed. For
instance, the stage of stem elongation (rosette) was
characterized by higher Glomeraceae and lower
Gigasporaceae richness (Fig. 1B and C). By the beginning
of wheat head emergence, this pattern was inversed.
Correlation between AMF molecular richness colonizing
wheat roots and yield traits
We performed correlation analyses to explore possible
links between the richness of total communities and spe-
cific families of the root-colonizing AMF and wheat pro-
duction criteria (grain, straw dry mass and straw/ grain
ratio, Fig. S4 and Table S4). Contrary to our expecta-
tions, wheat yield variables correlated positively with
mycorrhizal richness under the nutrient-rich conventional
farming system (Fig. 2). For instance, grain and straw dry
mass correlated positively with the richness of family
Glomeraceae (ρ = 0.69–0.82, P = 0.014–0.028), while
straw/grain ratio correlated negatively with richness in
Gigasporaceae. In contrast, under organic farming, grain
yield correlated negatively with total AMF richness at the
heading stage (ρ = −0.63, P = 0.049), while straw/grain
ratio correlated positively with Gigasporaceae.
Correlation between AMF molecular richness colonizing
wheat roots and nutrient concentrations of wheat grains
Spearman’s rank correlation analyses were performed
to elucidate possible links between the richness of
Table 2. Results of split-split-plot ANOVA summarizing the impacts of climate regime, agricultural practice, plant growth stage and their interac-
tions on richness of total AMF community and the dominating families in wheat roots. Degree of freedom (DF). Significant effects are indicated in
bold font.
Factors
Total AMF richness Gigasporaceae Glomeraceae Diversisporaceae
DF F-value P-value DF F-value P-value DF F-value P-value DF F-value P-value
Climate regime 1 0.09 0.768 1 0.19 0.679 1 0.78 0.426 1 0.57 0.491




1 7.72 0.023* 1 5.45 0.047* 1 0.20 0.665 1 0.79 0.399
Growth stages 2 11.52 0.0001*** 2 7.15 0.002** 2 8.62 0.001** 2 0.81 0.453
Growth stage × Climate
regime




2 0.14 0.867 2 1.15 0.329 2 0.05 0.943 2 0.08 0.916
Growth stage × Climate
regime × Agricultural
practice
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total communities and specific families of the root-
colonizing AMF and nutrient concentrations of wheat
grains (C, N, P, K, Mg, Ca, S, Na, Mn and Fe) under
both agricultural practices (Tables S5 and S6). Under
conventional farming, we found C, N and Fe
concentrations of the grains to be negatively correlated,
but P, K, Mg and Mn positively correlated with AMF rich-
ness (Fig. 3). On the other hand, under organic
farming, P, K, S, Na and Mn correlated positively with
AMF richness.
Fig 1. ASV richness of (A) Total AMF, (B) Gigasporaceae, (C) Glomeraceae and (D) Diversisporaceae within wheat roots in conventional and
organic farming systems under ambient and future climate regimes. Plant growth stages; S = rosette, H = heading, R = ripening. Different lower-
case letters indicate significant differences according to Fisher’s Least Significant Difference. Error bars represent standard deviation, ♦ repre-
sents mean values. [Color figure can be viewed at wileyonlinelibrary.com]
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Discussion
Future climate shapes AMF community composition but
not AMF richness
Climate manipulation at GCEF has started 1 year before
our experiment. The future climate scenario included
altering of precipitation patterns as well as an average
increase in daily mean temperature by 0.55C (Schädler
et al., 2019). This was accompanied by a stronger
increase in minimum temperatures (1.14C in average).
Additionally, a longer frost-free period on the future cli-
mate plots was detected (Schädler et al., 2019), which
influenced plant growth and accordingly the associated
microbiomes. Moreover, precipitation was increased in
spring and reduced during summer (before harvest on
July), which means that the plant and associated
microbes were influenced by both excess precipitation
and drought stress. Therefore, the AMF communities
were influenced by several climate factors that affected
them directly or indirectly by influencing the host plant
physiological processes. Although we sampled a succes-
sional AMF community that differed according to the
sampling time, our analyses revealed strong correlation
between soil moisture content and AMF communities dur-
ing plant growth stages. One year of the realistic future
scenario that manipulated both temperature and precipi-
tation was enough to detect significant changes in soil
organisms and soil functions by previous studies in the
same platform (Yin et al., 2019; Yin et al., 2020). In our
study, we found that future climate significantly altered
Fig 2. Spearman’s rank correlations between AMF richness and yield in (A–C) conventional and (D, E) organic farming plots. Plant growth
stages; S = rosette, H = heading, R = ripening. [Color figure can be viewed at wileyonlinelibrary.com]
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the total AMF and Glomeraceae community, but not AMF
richness. Increased temperature and precipitation were
found to increase C allocation to the root zone, while
drought reduces C flow (Gorissen et al., 2004), which
potentially alters the root microbial composition. Bennett
and Classen (2020) in their meta-analysis of field studies
summarized the effect of warming on AMF, with 38%, 57%
and 5% of the studies showing positive, neutral and nega-
tive effect, respectively, on AMF richness, biomass and/or
root colonization, while AMF community composition was
altered in 44% of the studies. The variations in climatic con-
ditions and land-uses play a crucial role in determining the
impact of warming and altered precipitation patterns on
AMF (Heinemeyer et al., 2004; Yang et al., 2013; Gao
et al., 2016; Maitra et al., 2019); therefore, it is hard to gen-
eralize the influence of climate change on AMF behaviour.
Agricultural practices alter both community composition
and richness of AMF colonizing wheat roots
Our results supported our second hypothesis and rev-
ealed that the agricultural practices significantly shaped
total AMF and Glomeraceae community. Organic farming
was found to significantly enhance total AMF and
Diversisporaceae richness. Our findings bear resem-
blance to many studies performed on AMF under various
agricultural management systems. Using traditional mor-
phological identification, AMF communities were found to
be shaped by the farming system, management intensity
as well as fertilization, and AMF species richness and
spore densities, diversities and abundance were higher
under organic farming as compared to the conventional
farming strategy (Oehl et al., 2004; Säle et al., 2015).
Using high-throughput sequencing techniques, AMF
community composition has been found to differ between
organic and conventionally farming systems, with AMF
abundance reported to be higher in soil and roots in
organic farming systems (Banerjee et al., 2019; Aldrich-
Wolfe et al., 2020).
In the present study, multiple interacting factors may
have shaped the AMF community composition. During our
field experiment (2015), water-soluble fertilizers (N and
MgO), additives (21% N), fungicides (epoxiconazole and
fluxapyroxad) as well as a herbicide (bentazon), were
applied only to the conventionally managed field plots. Our
results showed that the decline in AMF richness was
related to the high concentrations of soil C and N in con-
ventional farming system. Additionally, we observed that
soil factors such as P, K, NO3 and NH4 as well as soil C/P
and N/P ratios shaped total AMF community. This could be
explained by a trade-off between P, N and C in the mycor-
rhizal symbiosis (de Mazancourt and Schwartz, 2010;
Johnson, 2010). According to the ‘trade balance model’
(Johnson, 2010), under high concentration of available soil
P and N, AMF colonization and richness are suppressed
due to a reduced C allocation to the symbiont (Gosling
et al., 2013; Aldrich-Wolfe et al., 2020). Conversely, AMF
richness may be high when the minerals they provide to
plants are scarce as in low-input organic farming systems
(Alloush and Clark, 2007; Werner and Kiers, 2015).
Another factor that probably led to lower AMF richness in
conventionally managed plots was the application of azole
fungicides as well as other pesticides. Azole fungicides
have been found to decrease hyphal biomass and activity,
thereby reducing root colonization (Kjøller and Rosendahl,
2000; Calonne et al., 2012; Ye et al., 2012; Riedo
et al., 2021). In addition, application of different crop rota-
tion systems to the organically and conventionally managed
plots could have affected the wheat-mycorrhizal coloniza-
tion. In our study, the crop rotation of the organic farming
system consisted of cultivating AMF-host broad bean in the
season before the winter wheat. Such a system can main-
tain a large population of soil resident AMF (Isobe
et al., 2015), thereby enhancing AMF colonization in the
subsequent wheat cultivation. In contrast, the previous culti-
vation of winter rapeseed (Brassicaceae), which is non-
AMF host plant (Cosme et al., 2018), in our conventional
agriculture scenario may have lowered AMF colonization of
the next wheat crop, as cultivation of non- AMF host plants
decreases soil indigenous AMF and reduces fungal coloni-
zation of succeeding crops (Karasawa and Takebe, 2011).
Interactive impact of future climate scenario and
agricultural practices on AMF
Diversisporaceae community structure responded differ-
ently to the agricultural practices under different climate
Fig 3. Spearman’s rank correlations between AMF richness and
nutrient concentrations of wheat grain under conventional and
organic farming practices. Significant correlations are indicated in
bold. (*P < 0.05, **P < 0.01). Plant growth stages; S = rosette,
H = heading, R = ripening. [Color figure can be viewed at
wileyonlinelibrary.com]
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treatments. At a global scale, Diversisporaceae is
reported as an indicator of disturbed habitats (Moora et al.,
2014). Other studies have shown that Diversisporaceae,
over other taxa, was significantly influenced by soil re-
cultivation following open-cast mining (Roy et al., 2017) or
by altered precipitation and relative air humidity (Sun
et al., 2013; Xiang et al., 2016), suggesting that those taxa
are more sensitive to anthropogenic and climatic factors.
In compliance with the second hypothesis, we recorded
that the organic agricultural practice significantly enhanced
total AMF richness under future climate over all other treat-
ments, suggesting that organic farming not only helps to
mitigate the impact of climate changes, but also enhanced
AMF richness. It is noteworthy that Gigasporaceae rich-
ness increased in organic farming under future climate.
Members of Gigasporaceae have robust, densely aggre-
gated extra-radical mycelia that extend a greater distance
from the root (Maherali and Klironomos, 2007). Therefore,
Gigasporaceae primarily contributes in improving nutrient
uptake (Hart and Reader, 2002), thereby suggesting that
application of organic farming under future climate could
secure mycorrhizal taxa associated with promoting plant
nutrient status.
Correlation between AMF molecular richness and wheat
yield and grain nutrient concentrations
In contrast to our third hypothesis, AMF richness corre-
lated positively with wheat yield as well as P, K and Mg
contents of wheat grains in the conventionally managed
plots. The conventionally farmed plots were heavily fertil-
ized but not with P. Moreover, wheat plants benefit from
the most ‘helpful’ symbionts even in the nutrient rich agri-
cultural system. These reasons may explain the unex-
pected positive correlation observed in our study.
Baltruschat et al. (2019) were able to identify beneficial
AMF from Chernozem soil even at highest input fertiliza-
tion levels, which supports our findings. In addition, AMF
richness inversely correlated with essential macronutri-
ents (C, N and S) and micronutrients (Fe) in wheat
grains. Our results suggest that increasing AMF richness
leads to a shift in allocation of C, N and other elements
from host to fungal symbionts. In organic farming plots,
we observed a negative correlation between AMF rich-
ness and wheat yield. High AMF richness is not required
to benefit the plant as the host discriminates the ‘more-
cooperative’ symbiont (Kiers et al., 2011) especially in
low-input systems in which plants mainly benefit from
AMF. This is consistent with lower AMF diversity
observed in conditions where plant communities depend
on this symbiosis (Johnson et al., 2004). This enhanced
functionality of the symbiosis is further indicated by our
observation that specific AMF taxa positively correlated
with P, N, S, Na and Mn contents of wheat grains under
organic agriculture system combined with future climate
scenario.
Conclusions
In conclusion, AMF communities appear to be sensitive
to climate changes, as after a short-term, but realistic
manipulation of future climate, the AMF community com-
position and a sub-community of Glomeraceae taxa
changed while the whole richness remained stable. Fur-
ther, application of different agricultural practices altered
both the total AMF and Glomeraceae community,
whereby organic farming appeared to enhance total AMF
and Diversisporaceae richness. Under the future climate
scenario, organic farming enhanced total AMF and
Gigasporaceae richness in comparison with conventional
farming. Our results revealed a positive correlation
between AMF richness and wheat nutrient contents not
only in organic farming system but also under conven-
tionally managed fields. We conclude that AMF should
be considered as a key component of sustainable agri-
culture in the future to enhance the sustainability of
agroecosystems. While our study was carried out with
one winter wheat variety (Glaucus) and therefore could
not assess interactions of abiotic stresses, AMF and host
genetics, future studies should address the interplay of
wheat genetic diversity and AMF responses to future cli-
mate changes.
Experimental procedures
Study site and experimental design
The study was conducted within the Global Change
Experimental Facility (GCEF) that is settled at the field
research station of the Helmholtz Centre for Environmental
Research in Bad Lauchstädt, Saxony-Anhalt, Germany
(5122060 N, 1150060 E, 118 m a.s.l.). The area is char-
acterized by a sub-continental climate and prevailing west
winds. During the study period (2015), the mean tempera-
ture was 10.7C with an annual rainfall of 400 mm. The
soil of the study field is Haplic Chernozem, characterized
by high content of organic carbon and a high water-
holding capacity (Altermann et al., 2005). GCEF consists
of 50 field plots (400 m2 each) (Fig. S5), the two halves of
which are subjected to ambient and future climate sce-
nario, respectively (Schädler et al., 2019). Our experiment
was performed on the conventional as well as organic
farming plots subjected to both ambient and future cli-
mates. The plots were arranged in a split-plot design with
climate regime (ambient vs. future) as the main plot factor
(10 plots for each climate) and agricultural practice (con-
ventional vs. organic farming) as the subplot factor (5 plots
for each type and climate scenario).
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Manipulated future climate, agricultural practices and
sampling times
The future climate regime is a consensus scenario
across three models (COSMO-CLM (Rockel et al., 2008),
REMO (Jacob and Podzun, 1997) and RCAO (Döscher
et al., 2002)) of climate change in Central Germany for
the time between 2070 and 2100. The resulting scenario
includes manipulation of both temperature and precipita-
tion. For this, future climate plots (Fig. S6) were equipped
with mobile shelters and side panels, as well as an irriga-
tion system; the roofs were controlled by a rain sensor.
The shelters and panels automatically close from sunset
to sunrise and increase the mean daily temperatures by
~ 0.55C. This is accompanied by an increase in mini-
mum temperatures (up to 1.14C in average) with longer
frost-free periods and an increase in growing degree-
days by 5.2%. Owing to continuously adjusting irrigation
or roof closing, precipitation is reduced by ~ 20% in sum-
mer and increased by ~ 10% in spring and autumn.
(Schädler et al., 2019).
The conventional farming system was characterized by
a regional crop rotation consisting of winter wheat, winter
barley and winter rapeseed with application of fungicides,
pesticides, additives and mineral fertilizers (Table S7).
The organic farming system included a mechanical con-
trol of weeds with application of organic fertilization based
on legumes and rock phosphate (Schädler et al., 2019).
In 2014, a year prior to our experiment, conventional
farming plots were cultivated with winter rapeseed while
broad bean was grown in organic farming plots.
In 2015, three sampling campaigns were conducted at
three growth stages (Lancashire et al., 1991; Hack
et al., 1992) (rosette growth, late booting/early heading
and ripening) of winter wheat (Triticum aestivum L.)
‘Glaucus variety’ from May to July. Detailed information
regarding the growth parameters of winter wheat at each
sampling time is provided in Table S7. From each GCEF
plot, three healthy individuals of winter wheat were col-
lected, the shoot systems were removed, and the roots
were shaken to remove bulk soil and the rhizosphere.
Roots were rinsed with sterile saline solution (0.5% NaCl)
to remove adhering soil particles. Roots of all three plants
per plot were composited to one bulk sample for further
analyses.
DNA extraction and amplification, Illumina library
preparation and MiSeq sequencing
Fine roots were homogenized and 0.1 g of the ground
material was used for DNA extraction using a DNeasy
Plant Mini kit (QIAGEN-MO BIO, Carlsbad, California,
USA) according to the manufacturer’s instructions. Geno-
mic DNA was amplified using nested polymerase chain
reaction (PCR). The first reaction was performed with
GlomerWT0 (Wubet et al., 2006) and Glomer1536
(Wubet et al., 2006; Morgan and Egerton-Warburton,
2017) primer pair. The second reaction was performed
using NS31 (Simon et al., 1992; Morgan and Egerton-
Warburton, 2017) and AML2 (Lee et al., 2008) primers.
All PCRs were conducted using the proofreading Kapa
HiFi polymerase (2X KAPA HiFi HotStart ReadyMix,
Kapa Biosystems, Boston, MA, USA) (Data S1). The
PCR product was purified using Agencourt AMPure® XP
beads (Beckman Coulter Inc., Indianapolis, IN, USA).
Indexing of the purified amplicons was done using the
Nextera index kit (Illumina, San Diego, CA, USA). Finally,
the amplicon libraries were quantified by PicoGreen
assays (Molecular Probes, Eugene, OR, United States)
and pooled to give equimolar representation of each.
Illumina MiSeq sequencing was performed at the Depart-
ment of Soil Ecology, UFZ – Helmholtz Centre for Envi-
ronmental Research in Halle (Saale), Germany. The raw
18S rRNA gene amplicon sequences have been depos-
ited in the Sequence Read Archive (SRA) operated by
the National Center for Biotechnology Information (NCBI)
under BioProject accession number: PRJNA678852.
Bioinformatics workflow
Sequences corresponding to the forward and reverse
primers were trimmed from the demultiplexed raw reads
using cutadapt (Martin, 2011) to produce 1,564,752 reads
from 60 samples. Paired-end sequences were quality-
trimmed, filtered for chimeras and merged using the
DADA2 package (Callahan et al., 2016) by the
dadasnake pipeline (Weißbecker et al., 2020). Briefly,
sequences were trimmed in order to include only bases
with quality scores of at least 20 with maximum expected
error score of 2 for forward and reverse reads, and mini-
mum length of 200 and 100 nucleotides for forward and
reverse reads, respectively. Merging was carried out with
zero mismatch and a minimum overlap of 12 nucleotides.
We obtained 7,61,935 high-quality reads clustered into
192 amplicon sequence variants (ASVs), after chimera
removal. The taxonomic identification of each ASV was
performed by aligning it against the AMF virtual taxa
(VT) from the MaarjAM database (Opik et al., 2010) using
BLAST (Altschul et al., 1990) to match 33 VT (Table S8).
A total of 5,48,913 of sequences assigned to
Glomeromycotean fungi were retrieved from all samples
with a maximum of 15,057 and a minimum of 1676 reads
per sample. For normalization, the dataset was rarefied
to the minimum number of reads per sample using the
function ‘rrarefy’ from the vegan package (Oksanen
et al., 2019) of the R software (R-Development-Core-
Team, 2019).
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Determination of soil physicochemical properties
Soil physicochemical properties were determined from
each field plot at each sampling time point. Gravimetric
soil moisture contents were determined using automated
moisture analysers (Kern DBS60-3, Kern & Sohn, Bal-
ingen, Germany). pH was measured using InLab Expert
Pro-ISM pH electrode (Mettler-Toledo, Gießen, Ger-
many). Total organic carbon (TOC) and nitrogen
(TN) contents were determined by dry combustion using
Vario EL III C/H/N analyser (Elementar, Hanau, Ger-
many). Since the carbonate concentration of Chernozem
soil is negligible (Altermann et al., 2005), measured TC
concentrations were considered to additionally represent
TOC content. Hot water-extractable carbon (HWC) and
nitrogen (HWN) were determined according to
Schulz (2002). Soil mineral N was extracted from fresh
soil and measured using flow injection analysis (FlAstar
5000, Foss GmbH, Rellingen, Germany). Plant-available
P and K were extracted from fresh soil and were quanti-
fied colorimetrically (Murphy and Riley, 1962).
Measure of wheat yield and grain nutrient
concentrations
Wheat was harvested on 30 July 2015, using
‘Wintersteiger’ plot combine. Yields (86% dry matter con-
tent of grain and straw) were determined separately for
grain and straw from 9 × 1.5 m harvest subplots and
converted into decitonnes per hectare (dt/ha). Mars
6 microwave closed system (CEM GmbH) was used for
acid digestion of dried and finely milled wheat grains.
Analyses of diluted acid extracts were carried out using
an inductively-coupled plasma optical emission spectrom-
eter (Thermo Scientific™ iCAP™ 7400 ICP-OES Duo) to
determine P, K, Mg, Ca, S, Na, Mn and Fe. Total N and C
concentrations were measured with an elemental analyser
(Vario EL cube, Elementar Analysesysteme GmbH).
Statistical analyses
Statistical analyses were performed using the R software
(R-Development-Core-Team, 2019) and PAST program
v. 2.17c (Hammer et al., 2001). Due to the low number of
VT representing each AMF family, we used the ASV rich-
ness as a proxy for AMF richness during our analyses.
The observed richness of total ASVs and that of the
major families (Glomeraceae, Gigasporaceae and
Diversisporaceae) were calculated for each sample using
the ‘diversity’ function on PAST. To test the impact of the
experimental factors on mycorrhizal ASV richness, we
applied split-split-plot ANOVA test analysis, using the
function ‘ssp.plot’ from the agricolae R package
(de Mendiburu, 2019). The impact of climate (two levels)
was analysed at the main-plot level, the impact of agricul-
ture practice (two levels) and its interaction with climate
at the sub-plot level, and the impact of plant growth stage
(three levels) and its interactions with the other two fac-
tors at the sub-sub-plot level. Based on split-split-plot
ANOVA results, the least significant difference (LSD) test
was applied, using the function ‘LSD.test’, to show differ-
ences of each variable between treatments. Analysis of
arbuscular mycorrhizal community structure based on
Bray–Curtis distances (permutations = 999) across the
experimental factors (climate, agriculture practice and
plant growth stage) was tested by permutational multivar-
iate analysis of variance (PERMANOVA). The following
model was applied: ‘ASVs abundances ~ climate
regime* agricultural practice * plant growth stage’ using
the function ‘Adonis2’ from the vegan R package
(Oksanen et al., 2019). To visualize the variation in AMF
communities, principal coordinate analysis (PCoA) was
performed using ‘cmdscale’ (vegan). Each edaphic vari-
able was fitted onto the ordination space using ‘envfit’
(vegan), and the significance of each correlation was
tested based on 999 permutations (Bray–Curtis dissimi-
larity distance) by PERMANOVA. Same test was applied
to evaluate the impacts of our experimental treatments
on each individual AMF family. Data normality was
checked by Jarque–Bera test (Jarque, 2011). Spe-
arman’s rank correlation analysis was performed to cal-
culate the correlation between AMF richness and plant
growth variables, and between AMF richness and wheat
grain nutrient concentrations. Benjamini–Hochberg FDR
multiple test correction was applied. The correlation anal-
ysis was visualized using the function ‘ggscatter’ from
the ggpubr R package (Kassambara, 2018).
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Supplementary Tables 
Table S1. Results of split-plot-ANOVA of the impacts of climate, agricultural practice and their 
interactions on edaphic factors of the experimental plots. Significant effects are indicated in bold 
font (*P < 0.05, **P < 0.01, ***P <0.001). MOI = soil moisture in % (w/w), N-i = mineral 
inorganic-N (mg/Kg) (nitrate + ammonium), TOC = total organic carbon in %, TN = Total 
nitrogen (%) is the sum of NO3-N, NO2-N, NH4-N and organically bound nitrogen, C = Hot 
water extractable organic carbon (mg/kg), N = Hot water extractable nitrogen (mg/kg), P = plant 
available phosphorous in mg/100g soil, K = plant available potassium in mg/100g soil. 
Factors 
MOI temp NH4 NO3 




Climate regime 36.78 0.003 ** 0.22 0.660 0.09 0.770 7.13 0.05571 
Agricultural practice 0.68 0.433 0.01 0.893 35.82 0.0003 *** 56.80 6.692e-05 *** 




0.12 0.730  0.13 0.72103  
Factors TOC TN TOC/TN C  
F-value P-value F-value P-value F-value P-value F-value P-value 
Climate regime 2.82 0.167 0.0031 0.958 3.73 0.125 0.0001 0.993 
Agricultural practice 21.98 0.001 ** 12.01 0.008 ** 3.15 0.113 40.61 0.0002 *** 
Climate regime Χ 
Agricultural practice 0.75 0.408 2.11 0.184 0.03 0.866 5.008 0.055 
Factors 
N C/N pH P 
F-value P-value F-value P-value F-value P-value F-value P-value 
Climate regime 0.06 0.805 0.60 0.481 6.39 0.064 9.72 0.035 * 
Agricultural practice 30.15 0.0005*** 19.70 0.002 ** 0.94 0.358 0.91 0.367 
Climate regime Χ 
Agricultural practice 
2.35 0.163 1.03 0.339 1.35 0.277 1.15 0.313 
Factors 
K N-i TC/P TN/P 
F-value P-value F-value P-value F-value P-value F-value P-value 
Climate regime 0.005 0.944 1.38 0.305 4.519 0.100 3.748 0.124 
Agricultural practice 26.87 0.0008 *** 143.29 
2.184e-
06 *** 
1.060 0.333 1.531 0.251 
Climate regime Χ 
Agricultural practice 





Table S2. Soil physicochemical variables. Mean values ± standard deviation. Based on the 
results of split-plot-ANOVA, different lower-case letters indicate significant differences 
according to Fisher’s Least Significant Difference. MOI = soil moisture in % (w/w), Temp = soil 
temperature, N-i = mineral inorganic-N (mg/Kg) (nitrate + ammonium), TOC = total organic 
carbon in %, TN = Total nitrogen (%) is the sum of NO3-N, NO2-N, NH4-N and organically 
bound nitrogen, C = Hot water extractable organic carbon (mg/kg), N = Hot water extractable 
nitrogen (mg/kg), P = plant available phosphorous in mg/100g soil, K = plant available 
potassium in mg/100g soil. A= ambient climate, F= future climate, CF= conventional farming, 
OF= organic farming. Analysis of the physicochemical properties of conventional and organic 
farming plots’ soil revealed that all forms of inorganic (NH4, NO3) and organic N, total C, and 
plant-available K were significantly higher in conventionally managed soil. There were no 
detectable differences in plant-available soil P concentration between the two agricultural 
systems. Soil moisture, as a climate influenced factor, was significantly lower under future 
climate, while soil temperature did not differ significantly between the two climate regimes 
during our study period. 
Climate CF CF OF OF 
Agricultural practice A F A F 
MOI 12.16±2.36 a 10.92±2.48 b 12.12±2.24 a 11.3±2 b 
Temp 14.10±1.54 a 14.47±1.54 a 14.27±1.49 a 14.18±1.30 a 
NH4 9.42±7.17 a 8.46±9.19 a 2.23±0.79 b 2.15±0.64 b 
NO3 8.2±4.59 a 6.95±6.14 a 3.38±1.69 b 2.5±0.93 b 
N-i 17.62±10.25 a 15.41±13.77 a 5.61±1.5 b 4.64±1.14 b 
TOC 1.97±0.14 ab 2±0.14 a 1.83±0.14 c 1.89±0.14 bc 
TN  0.16±0.02 a 0.15±0.02 ab 0.14±0.02 c 0.15±0.03 bc 
TOC/TN 12.62±1.16 13.1±1.35 12.91±1.26 13.34±1.61 
C  576.24±65.93 a 548.05±75.38 a 467.16±50.06 b 495.67±55.1 b 
TC/P 0.365±0.15  0.286±0.12 0.402±0.22 0.310±0.181 
TN/P 0.028±0.01 0.021±0.009 0.031±0.01 0.023±0.01 
N 61.7±10.38 a 58.72±12.51 a 44.8±7.11 b 49.21±8.19 b 
C/N  9.42±0.59 b 9.5±0.87 b 10.53±0.84 a 10.19±0.88 a 
pH 6.77±0.48 6.84±0.53 6.54±0.6 6.85±0.52 
P 6.61±3.49 b 8.44±3.61 a 5.88±3.11 b 8.49±4.09 a 
K 15.8±8.84 a 16.29±4.96 a 7.02±2.38 b 6.19±1.42 b 
 
Table S3. Impact of edaphic factors on variation in AMF community and richness. 
PERMANOVA for the correlation between AMF community composition (Bray–Curtis 
dissimilarity distance) and each edaphic variable. Spearman’s rank correlation between AMF 
richness and each edaphic variable. MOI = soil moisture in % (w/w), Temp = soil temperature, 
N-i = mineral inorganic-N (mg/Kg) (nitrate + ammonium), TOC = total organic carbon in %, TN 
= Total nitrogen (%) is the sum of NO3–N, NO2–N, NH4–N, and organically bound nitrogen, C = 
Hot water extractable organic carbon (mg/kg), N = Hot water extractable nitrogen (mg/kg), C.N 
= C/N, P = plant available phosphorous in mg/100 g soil, K = plant available potassium in 




































MOI 0.131 0.021  -0.137 0.294 0.284 0.052 -0.279 0.057 -0.065 0.621 
Temp 0.020 0.556 0.09 0.64 0.30 0.07 -0.14 0.42 0.12 0.51 
NH
4
 0.202 0.003  -0.224 0.084 0.335 0.008 -0.387 0.002 -0.270 0.072 
NO
3
 0.102 0.047  -0.156 0.231 0.245 0.059 -0.156 0.232 -0.187 0.152 
N-i 0.185 0.003  -0.242 0.062 0.275 0.062 -0.314 0.014 -0.275 0.067 
TOC 0.017 0.641 -0.348 0.006 -0.010 0.941 -0.157 0.229 -0.139 0.289 
TN  0.019 0.563 -0.296 0.021 0.023 0.863 -0.077 0.560 -0.118 0.370 
TOC/TN 0.016 0.609 0.289 0.025 0.055 0.676 -0.016 0.905 0.165 0.207 
TC/P 0.157 0.012  -0.29  0.03    -0.01  0.87    -0.38  0.01    -0.04  0.86    
N/P 0.198 0.004 -0.33 0.06 -0.03 0.78 -0.40 0.92 -0.03 0.32 
C  0.019 0.586 -0.071 0.587 0.174 0.183 0.066 0.614 -0.117 0.374 
N 0.016 0.612 -0.007 0.957 0.141 0.283 0.174 0.183 -0.164 0.209 
C/N  0.029 0.423 -0.086 0.510 -0.083 0.528 -0.299 0.020 0.235 0.070 
pH 0.108 0.029  0.222 0.087 -0.036 0.784 0.444 0.0003 -0.023 0.862 
P 0.192 0.003  0.260 0.076 0.012 0.924 0.375 0.003 0.054 0.682 
K 0.249 0.001  -0.217 0.094 0.243 0.061 -0.246 0.058 -0.316 0.013 
 
Table S4. Results of split-plot-ANOVA of the impacts of climate, agricultural practice and their 
interactions on wheat yield. Significant effects are indicated in bold font (*P < 0.05, **P < 0.01, 
***P <0.001). 
Factors  Grain Straw Straw/grain ratio 
F-value P-value F-value P-value F-value P-value 
Climate regime 8.70 0.041* 2.24 0.208 5.64 0.076 
Agricultural practice 0.87 0.376 5.31 0.0501 7.83 0.023* 
Climate regime Χ 
Agricultural practice 
1.22 0.301 2.46 0.155 1.50 0.254 
 
Table S5. Results of split-plot-ANOVA of the impacts of climate, agricultural practice and their 
interactions on nutrient concentrations of harvested wheat grains. Significant effects are 
indicated in bold font (*P < 0.05, **P < 0.01, ***P <0.001).  
Factors 
C N P 
F-value P-value F-value P-value F-value P-value 
Climate regime 2.03 0.226 1.74 0.257 0.31 0.603 
Agricultural practice 11.02 0.010 * 35.51 0.0003 *** 6.51 0.034 * 
Climate regime Χ 
Agricultural practice 
1.25 0.294 0.52 0.491 8.75  0.018 * 
Factors 
K   Mg  Ca  
F-value P-value F-value P-value F-value P-value 
Climate regime 0.74 0.438 2.58 0.183 2.10 0.220 
Agricultural practice 35.97 
0.0003 
*** 
0.60 0.459 4.58 0.064 
Climate regime Χ 
Agricultural practice 
7.72 0.023 * 5.22  0.051 0.17 0.687 
Factors 









Climate regime 3.19  0.148 0.08 0.782 1.31 0.314 48.13 0.002 ** 
Agricultural practice 10.04 0.013* 0.001 0.974 9.23 0.016* 0.01 0.906 
Climate regime Χ 












Table S6. Nutrients concentrations of wheat grains. Mean values (mg^kg-1) ± standard deviation. 
Based on the results of split-plot-ANOVA, different lower-case letters indicate significant 
differences according to Fisher’s Least Significant Difference. A= ambient climate, F= future 
climate, CF= conventional farming, OF= organic farming. Only Fe concentration was 
significantly higher under future climate than under ambient climate. Significantly higher 
concentrations of C, N, S, and Mn in wheat grains were detected under conventional farming as 
compared to organic farming. Interactive effects of both climate and agricultural practice were 
detected in case of P and K. The highest concentrations of P were detected only in organic 
farming plots under future climate. Additionally, application of organic farming under future 
climate conditions increased the concentration of K to resemble that in the conventional farming 
system. 
Climate Ambient Future 
Agricultural 
practice 
CF OF CF OF 
C (mg^g-1) 436.7±0.8 ab 436±0.5 b 437.5±1.1 a 436.2±0.4 b 
N (mg^g-1) 23.4±0.4 a 21.5±0.9 b 24.1±1.1 a 21.6±0.9 b 
P (mg^kg-1) 3215.3±205.8 b 3197.9±128 b 3134.7±230.7 b 3370.7±227.3 a 
K (mg^kg-1) 4432.5±163 a 4026±73.4 c 4396±138.2 ab 4246.9±205.5 b 
Mg (mg^kg-1) 1082.7±39 ab 1056.7±59.4 b 1077.8±38.2 ab 1130.6±58.3 a 
Ca (mg^kg-1) 448.4±15.5 a 417.7±56 ab 425.5±12.8 ab 404.8±14.6 b 
S (mg^kg-1) 1522.6±11.7 ab 1467.7±71.1 b 1586.4±29.3 a 1496.8±89 b 
Na (mg^kg-1) 16.4±5.9 a 14.6±5.2 a 13.5±3.8 a 15.1±6.9 a 
Mn (mg^kg-1) 33.2±0.8 a 30.1±3.2 b 33.9±3.1 a 32.2±3 ab 










Table S7. Phenological observations of winter wheat carried out with the BBCH (Biologische 
Bundesanstalt, Bundessortenamt and CHemical Industry) centesimal scale showing various 
growth stages during the experimental period. 
 
Plot_ID Climate Landuse sowing date 10.3.2015 25/03/15 01/04/15 13/04/15 14.04.2015 14/04/15 23/04/15 29/04/15 07/05/15
1-2 A CF 10.21.2014 fertilization_1 Herbicide 29-30 30 fertilization_2 Fungicide_1 31 31 32
3-1 A CF 10.21.2014 fertilization_1 Herbicide 29-30 30 fertilization_2 Fungicide_1 31 31 32
5-3 A CF 10.21.2014 fertilization_1 Herbicide 29-30 30 fertilization_2 Fungicide_1 31 31 32
8-4 A CF 10.21.2014 fertilization_1 Herbicide 29-30 30 fertilization_2 Fungicide_1 31 31 32
10-5 A CF 10.21.2014 fertilization_1 Herbicide 29-30 30 fertilization_2 Fungicide_1 31 31 32
1-4 A OF 10.22.2014 0 0 29-30 30 0 0 31 31 32
3-2 A OF 10.22.2014 0 0 29-30 30 0 0 31 31 32
5-1 A OF 10.22.2014 0 0 29-30 30 0 0 31 31 32
8-5 A OF 10.22.2014 0 0 29-30 30 0 0 31 31 32
10-3 A OF 10.22.2014 0 0 27-29 30 0 0 31 31 32
2-4 F CF 10.21.2014 fertilization_1 Herbicide 29-30 30 fertilization_2 Fungicide_1 31 31 32
4-1 F CF 10.21.2014 fertilization_1 Herbicide 29-30 30 fertilization_2 Fungicide_1 31 31 32
6-2 F CF 10.21.2014 fertilization_1 Herbicide 29-30 30 fertilization_2 Fungicide_1 31 31 32
7-5 F CF 10.21.2014 fertilization_1 Herbicide 29-30 30 fertilization_2 Fungicide_1 31 31 32
9-3 F CF 10.21.2014 fertilization_1 Herbicide 29-30 30 fertilization_2 Fungicide_1 31 31 32
2-3 F OF 10.22.2014 0 0 29-30 30 0 0 31 31 32
4-2 F OF 10.22.2014 0 0 29-30 30 0 0 31 31 32
6-4 F OF 10.22.2014 0 0 29-30 30 0 0 31 31 32
7-1 F OF 10.22.2014 0 0 29-30 30 0 0 31 31 32
9-5 F OF 10.22.2014 0 0 29-30 30 0 0 31 31 32
05/08/15 11/05/15 12/05/15 20/05/15 28/05/15 04/06/15 11/06/15 19/06/15 6/26/2015 3/7/2015 10/7/2015 7/17/2015 7/24/2015 07.30.2015
Fungicide_2 Additive 32-33 37-39 51 58 61 69 71 75 77/83 87 92 Harvest
Fungicide_2 Additive 32-33 37-39 51 58 61 69 71 75 77/83 85/87 92 Harvest
Fungicide_2 Additive 32-33 37-39 51 58 61 69 71 75 77 83 92 Harvest
Fungicide_2 Additive 32 37-39 45-47 56 61 69 71 75 77 83 92 Harvest
Fungicide_2 Additive 32-33 37-39 45 52 61 69 71 73 77 83/85 92 Harvest
0 0 32 37-39 51 58 61 69 71 75 77/83 85 89/92 Harvest
0 0 32 37-39 51 59 61 69 71 75 77/83 85 92 Harvest
0 0 32 37-39 47-51 58 61 69 71 75 77 85 92 Harvest
0 0 32 37-39 47 56 61 69 71 73/75 77 81/85 92 Harvest
0 0 32 37-39 45 52 61 69 71 73 77 81/85 92 Harvest
Fungicide_2 Additive 32-33 37-39 47 56 61 69 71 75/77 83 85 92 Harvest
Fungicide_2 Additive 32-33 37-39 47 58 61 69 71 77 83 87/89 92 Harvest
Fungicide_2 Additive 32-33 37-39 47 54 61 69 71 75 77/83 85 92 Harvest
Fungicide_2 Additive 32-33 37-39 47 54 61 69 71 75 83 87/89 92 Harvest
Fungicide_2 Additive 32-33 37-39 45 54 61 69 71 75 85 87 92 Harvest
0 0 32 37-39 47 54 61 69 71 75 77/83 85 92 Harvest
0 0 32 37-39 47 56 61 69 71 75/77 77/83 81/85 92 Harvest
0 0 32-33 37-39 47 56 61 69 71 75 77/83 83 92 Harvest
0 0 32 37-39 47 54 61 69 71 75 77 83/85 92 Harvest
0 0 32 37-39 45-47 54 61 69 71 75 77/83 83/85 92 Harvest  
A= ambient climat, F= future climate, CF= conventional farming, OF= organic farming 
fertilization_1 = 60 kg/ha N, KAS (27 % N, 4 % MgO) 
fertilization_2 = 40 kg/ha N, KAS (27 % N) 
Fungicide_1  = 62.5 g l-1 epoxiconazole + 62.6 g l-1 fluxapyroxad, 4 l ha-1 
Fungicide_2 = 62.5 g l-1 epoxiconazole + 62.6 g l-1 fluxapyroxad, 2 l ha-1 
Additive = 21% N (0.5 kg ha-1) 
  Herbicide = 480 g l-1  bentazon, 3 l ha-1 
 
 
21 Beginning of tillering 
 
 
22 2 tillers detectable 
 
 
23 3 tillers detectable 
 
 
29 End of tillering. Maximum no. of tillers detectable 




Beginning of stem elongation: pseudostem and tillers erect, first internode 
begins to elongate, top of inflorescence at least 1 cm above tillering node 
 
31 First node at least 1 cm above tillering node 
 
32 Node 2 at least 2 cm above node 1 
 
33 Node 3 at least 2 cm above node 2 
 
3 . Stages continuous till . . . 
 
37 Flag leaf just visible, still rolled 
 
39 Flag leaf stage: flag leaf fully unrolled, ligule just visible 
growth stage 4: Booting  
  
 
41 Early boot stage: flag leaf sheath extending 
 
43 Mid boot stage: flag leaf sheath just visibly swollen 
 
45 Late boot stage: flag leaf sheath swollen 
 
47 Flag leaf sheath opening 
 
49 First awns visible (in awned forms only) 
growth stage 5: Inflorescence emergence/Heading 
 
51 
Beginning of heading: tip of inflorescence emerged from sheath, first spikelet 
just visible 
 
52 20% of inflorescence emerged 
 
53 30% of inflorescence emerged 
 
54 40% of inflorescence emerged 
 
55 Middle of heading: half of inflorescence emerged 
 
56 60% of inflorescence emerged 
 
57 70% of inflorescence emerged 
 
58 80% of inflorescence emerged 
 
59 End of heading: inflorescence fully emerged 
growth stage 6: Flowering, anthesis 
 
 
61 Beginning of flowering: first anthers visible 
 
65 Full flowering: 50% of anthers mature 
 
69 
End of flowering: all spikelets have completed flowering but some dehydrated 
anthers may remain 
growth stage 7: Development of fruit 
 
 
71 Watery ripe: first grains have reached half their final size 
 
73 Early milk 
  
 
75 Medium milk: grain content milky, grains reached final size, still green 
 
77 Late milk 
  growth stage 8: Ripening 
  
 
83 Early dough 
 
 
85 Soft dough: grain content soft but dry. Fingernail impression not held 
 
87 Hard dough: grain content solid. Fingernail impression held 
 
89 Fully ripe: grain hard, difficult to divide with thumbnail 
growth stage 9: senescence 
  
 
92 Over-ripe: grain very hard, cannot be dented by thumbnail 
 
93 Grains loosening in day-time 
 
97 Plant dead and collapsing 
 
99 Harvested product 
 





































VTX00005 ASV77 VTX00056 ASV56 VTX00065 ASV2 VTX00113 ASV5 VTX00342 ASV45 
 ASV100  ASV61  ASV3  ASV54  ASV76 
 ASV126  ASV91  ASV13  ASV130  ASV171 
VTX00009 ASV65  ASV123  ASV20 VTX00114 ASV103  ASV176 
 ASV101  ASV125  ASV28  ASV139  ASV198 
VTX00049 ASV25  ASV160  ASV32  ASV154  ASV233 
 ASV252  ASV173  ASV33  ASV272 VTX00354 ASV36 
VTX00052 ASV15 VTX00057 ASV30  ASV38 VTX00115 ASV143  ASV157 
 ASV18  ASV137  ASV50 VTX00143 ASV53  ASV163 
 ASV22  ASV215  ASV59  ASV177  ASV6 
 ASV24 VTX00060 ASV27  ASV75  ASV246  ASV34 
 ASV26  ASV92  ASV87  ASV29  ASV41 
 ASV39  ASV99  ASV98  ASV40  ASV48 
 ASV42  ASV108  ASV102  ASV63  ASV73 
 ASV47  ASV152  ASV104  ASV64  ASV80 
 ASV58  ASV218  ASV111  ASV68  ASV133 
 ASV88 VTX00062 ASV21  ASV131  ASV86 VTX00355 ASV16 
 ASV217  ASV31  ASV134  ASV122  ASV19 
 ASV237  ASV44  ASV136  ASV132  ASV37 
VTX00054 ASV97  ASV74  ASV140  ASV155  ASV192 
VTX00193 ASV112  ASV82  ASV144  ASV169  ASV200 
VTX00245 ASV8  ASV83  ASV161  ASV191 VTX00402 ASV285 
 ASV57  ASV96  ASV178  ASV206 VTX00409 ASV205 
 ASV60  ASV105  ASV181 VTX00155 ASV46 VTX00444 ASV187 
 ASV121  ASV117  ASV196  ASV145  ASV380 
 ASV127  ASV124  ASV203  ASV183 VTX00283 ASV278 
 ASV186  ASV128  ASV253  ASV207 VTX00284 ASV170 
 ASV106  ASV146  ASV254 VTX00105 ASV35 VTX00340 ASV95 
 ASV135  ASV147 VTX00067 ASV4  ASV49  ASV138 
 ASV14  ASV162  ASV9  ASV78  ASV150 
 ASV94  ASV166  ASV51  ASV81  ASV167 
 ASV148  ASV180  ASV55  ASV141  ASV195 
VTX00064 ASV142  ASV184  ASV62  ASV175  ASV199 
 ASV165  ASV188  ASV67 VTX00308 ASV174  ASV220 
VTX00063 ASV118  ASV208  ASV72  ASV219  ASV225 
 ASV221    ASV90  ASV354  ASV238 
     ASV109  ASV362  ASV240 
     ASV119 VTX00338 ASV107  ASV261 
     ASV153    ASV288 
     ASV197    ASV293 
     ASV209    ASV344 


























Figure S1. Principal Coordinate Analysis (PCoA) dissimilarity matrix (Bray–Curtis dissimilarity 
matrix, permutations = 999) of the AMF community of wheat roots and vector fitting of the 
edaphic variables of plots subjected to conventional and organic farming practices under ambient 
and future climate regimes. 
 
Figure S2. The most abundant amplicon sequence variants (ASVs) detected in conventional and 
organic farming plots under ambient and future climate scenarios. ASVs were selected if their 
relative abundance was greater than 0.01% in one sample at least. 
 
Figure S3. The abundance of all families detected in conventional and organic farming plots 











Figure S4. Wheat yield parameters a grain dry biomass, b straw dry biomass and c straw/ grain 
ratio in conventional and organic farming systems under ambient and future climate conditions. 
Different lower-case letters indicate significant differences according to Fisher’s Least 
Significant Difference. Error bars are representing standard deviation, ♦ represent mean values. 
Grain yield was significantly reduced under the future climate scenario (~72 dt/ha) compared to 
the ambient climate (~83 dt/ha). This reduction under future climate was mainly caused by grain 
yield reduction under conventional farming, in which the yield significantly dropped by ~17 % 
as compared to the ambient climate. In contrast, the grain yield from organic farming plots did 
not differ significantly between ambient and future climate. Although the mean dry matter of 
wheat straw was not influenced by the agricultural practice or climate manipulation, organic 












Figure S5. Aerial view for the Global Change Experimental Facility (GCEF) field research 
station of the Helmholtz Centre for Environmental Research in Bad Lauchstädt, Saxony-Anhalt, 
Germany, photo taken by Tricklabor Berlin/Service Drone. 
 
 
Figure S6. Closed shelters and panels of the future climate plots of the GCEF, photo taken by 
UFZ/ André Künzelmann 
Appendix1. DNA extraction and amplification, Illumina library preparation, and MiSeq 
sequencing 
Fine roots were homogenised with the aid of liquid nitrogen and 0.1 g of the ground material was used for 
DNA extraction using a DNeasy Plant Mini kit (QIAGEN-MO BIO, Carlsbad, California, USA) 
according to the manufacturer’s instructions. The quantity and quality of the DNA extracts were assessed 
using  NanoDrop ND-8000 spectrophotometer (Thermo Fisher Scientific, Dreieich, Germany). Genomic 
DNA was amplified using nested polymerase chain reaction (PCR). The first reaction was performed with 
GlomerWT0 (5′-CGAGDWTCATTCAAATTTCTGCCC-3′) (Wubet et al., 2006) and Glomer1536 (5′-
AATARTTGCAATGCTCTATCCCCA-3′) primer pair (Wubet et al., 2006; Morgan and Egerton-
Warburton, 2017). The second reaction [amplification of a 560 bp fragment of the small subunit 
(SSU/18S) of the rRNA gene region] was performed using NS31 (5′-TTGGAGGGCAAGTCTGGTGCC-
3′) (Simon et al., 1992; Morgan and Egerton-Warburton, 2017) and AML2 (5′-
GAACCCAAACACTTTGGTTTCC-3′) primers (Lee et al., 2008). All PCRs were conducted using the 
proofreading Kapa HiFi polymerase (2X KAPA HiFi HotStart ReadyMix, Kapa Biosystems, Boston, 
MA, United States). The first reaction was carried out in a final volume of 15 µL with 7.5 μL 2X KAPA 
HiFi HotStart ReadyMix, 0.3 μL of each primer (10 μM), and 1 μL DNA template (10 ng/µL). The PCR 
program was as follows: 95°C for 3 min, then 5 cycles of 98°C for 20 sec, 60°C (decreased by 1°C in 
each cycle) for 20 sec, 72°C for 40 sec, then 22 cycles of 98°C for 20 sec, 55°C for 20 sec, 72°C for 40 
sec followed by one cycle of 72°C for 5 min and 10°C hold. Resultant products of the first amplification 
were diluted 1:10 and then used as a template in the second PCR that was carried out in a final volume of 
15 μL with 7.5 μL 2X KAPA HiFi HotStart ReadyMix, 0.3 μL of each primer (10 μM), and 1 μL PCR 
product as template. The reaction conditions were as follows: 95°C for 3 min, then 30 cycles of 98°C for 
20 sec, 63°C for 15 sec, 72°C for 20 sec followed by one cycle of 72°C for 5 min and 10°C hold. The 
PCR product was purified using Agencourt AMPure® XP beads (Beckman Coulter Inc., Indianapolis, IN, 
USA), followed by indexing of the purified amplicons using Nextera index kit (Illumina, San Diego, CA, 
USA). The indexed PCR products were purified again using the same beads. The amplicon libraries were 
quantified by PicoGreen assays (Molecular Probes, Eugene, OR, United States) and pooled in one tube to 
give equimolar representation of each. Paired-end sequencing of 2 × 300 bp was performed using MiSeq 
Reagent kit v3 on an Illumina MiSeq platform (Illumina Inc., San Diego, CA, United States) at the 
Department of Soil Ecology, Helmholtz Centre of Environmental Research [UFZ, Halle (Saale), 
Germany]. The raw 18S rRNA gene amplicon sequences have been deposited in the Sequence Read 
Archive (SRA) operated by the National Center for Biotechnology Information (NCBI) under BioProject 
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Abstract: Returning wheat residues to the soil is a common practice in modern agricultural systems
and is considered to be a sustainable practice. However, the negative contribution of these residues
in the form of “residue-borne pathogens” is recognized. Here, we aimed to investigate the structure
and ecological functions of fungal communities colonizing wheat residues during the early phase of
decomposition in a conventional farming system. The experiment was conducted under both ambient
conditions and a future climate scenario expected in 50–70 years from now. Using MiSeq Illumina
sequencing of the fungal internal transcribed spacer 2 (ITS2), we found that plant pathogenic fungi
dominated (~87% of the total sequences) within the wheat residue mycobiome. Destructive wheat
fungal pathogens such as Fusarium graminearum, Fusarium tricinctum, and Zymoseptoria tritci were
detected under ambient and future climates. Moreover, future climate enhanced the appearance
of new plant pathogenic fungi in the plant residues. Our results based on the bromodeoxyuridine
(BrdU) immunocapture technique demonstrated that almost all detected pathogens are active at the
early stage of decomposition under both climate scenarios. In addition, future climate significantly
changed both the richness patterns and the community dynamics of the total, plant pathogenic and
saprotrophic fungi in wheat residues as compared with the current ambient climate. We conclude that
the return of wheat residues can increase the pathogen load, and therefore have negative consequences
for wheat production in the future.
Keywords: wheat straw decomposition; litter decomposition; climate change; mycobiome;
MiSeq Illumina sequencing; fungal ITS2; GCEF
1. Introduction
Plant residues play important roles in nutrient dynamics and soil fertility in different types of
agricultural ecosystems [1]. Consequently, the return of such residues to the soil is used to improve
Microorganisms 2020, 8, 908; doi:10.3390/microorganisms8060908 www.mdpi.com/journal/microorganisms
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crop yields [2] not only by improving soil structure but also by increasing organic matter content,
reducing evaporation, and helping to fix carbon dioxide in the soil [3]. Incorporation of plant
residue into the soil provides an opportunity to limit soil organic matter depletion resulting from
cultivation, and it also represents a valuable source of nutrients such as nitrogen, thereby contributing
to protection of farmland eco-environments [4,5]. It has been reported that incorporating straw into
the soil significantly increases wheat yield by an average of 58% as compared with straw removal [6].
Moreover, soil fertility has been found to be improved after straw incorporation by increasing available
nitrogen, phosphorus, and potassium by more than 15%, while organic carbon increased to 8–22% [6].
Plant residues are not considered to be a static habitat [7] as they are a transient substrate between
plant and soil. The initial microbiome that colonizes plant residues is inherited from living plants and
depends on their species identity [8]. Since plant residues decay in soils within one or more cropping
seasons, it is highly likely that there will be further colonization by autochtonous soil saprotrophs since
these grow abundantly on decaying organic matter. Hence, over time, we can expect strong microbial
community dynamics and diverse ecological functions in plant residues. Whilst some of these early
microbial populations in residues prevent diseases or enhance plant growth, others cause different
types of plant disease [9]. For example, the wheat pathogens Zymoseptoria tritici [10] and Oculimacula
yallundae [11], colonize wheat residues and are able to infect the subsequent crop if the residues are left
in the field after harvest. Hence, residue return can be considered to be a causative agent for plant
diseases, by providing pathogen inoculum and suitable conditions for pathogen growth, propagation,
and accumulation, which then results in epidemic diseases [2,7]. However, these complex microbial
communities inhabiting plant residues have remained largely uncharacterized [12]. Recent studies,
using next generation sequencing (NGS), have greatly improved our understanding of the richness
and composition of mycobiomes associated with plant residues [9,13–19], however, the approach has
not yet been applied to investigate the fungal pathogen gains and their dynamics in plant residues.
Current climate change is associated with increases in temperatures and decreases in precipitation
patterns and seasonal and perennial snow and ice extent [20], which can have an effect on pathogens [21]
by altering their seasonal phenology (e.g., life cycle stages and rates of the development of the pathogen)
and their population dynamics (e.g., over-wintering, over-summering, survival, and changes in
abundance) [22–27]. Despite phytopathogenic microbes representing a major threat to agriculture and
food security [28], the effect of climate change on the diversity and dynamics of wheat residue-inhabiting
mycobiomes, and therein of fungal pathogens, are not yet known. In this context, we used NGS
(Illumina MiSeq sequencing) of the fungal internal transcribed spacer 2 (ITS2) region to study the
mycobiome associated with wheat residues in soil at an early decomposition stage. The experiment was
performed at the Global Change Experimental Facility, an experimental field infrastructure to compare
ecosystem effects under actual climate in central Germany and under a scenario projected for a period
of 50–70 years [29].
The aims of this study were the following: (i) To investigate the wheat residue mycobiome during
the early phase of decomposition (0, 30, and 60 days) under current and future climate conditions
and (ii) to quantify the richness and proportion of fungal pathogens within these mycobiomes.
We hypothesized the following: (i) diverse taxonomic and functional groups of fungi are present in
wheat residues; (ii) saprotrophs followed by plant pathogens dominate the mycobiome, especially at
60 days after the beginning of decomposition; (iii) saprotroph richness and relative abundances increase
over time while those of plant pathogens decrease; (iv) there are differences in the initial communities
colonizing wheat straw under the ambient climate as compared with the simulated future climate;
and (v) the future climate has a significant differential effect on pathogen dynamics in plant residues in
agricultural ecosystems.
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2. Materials and Methods
2.1. Study Site, Experimental Setup, and Design
The study was conducted within the Global Change Experimental Facility (GCEF) at the field research
station of the Helmholtz Centre for Environmental Research in Bad Lauchstädt, Saxony-Anhalt,
Germany (51◦22′60 N, 11◦50′60 E, 118 m a.s.l.). The area is characterized by a subcontinental climate
with a mean temperature of 8.9 ◦C and a low mean annual rainfall of 498 mm (long-term mean
1896–2013) resp. 9.8 ◦C and 516 mm (1995–2014). The time period of our experiment (2018) has been
recorded as the warmest year in Germany since 1881.
The GCEF is a large field experiment for the investigation of the consequences of climate change
on ecosystem processes under different land use types [29]. Half of the field plots are subjected to
a future climate scenario based on several models (COSMO-CLM [30], REMO [31], and RCAO [32])
of climate change predicting the climate in Central Germany for the years between 2070 and 2100.
We first used 12 climate simulations based on the tree models. These different simulations produce a
variety of projections for future climate. Therefore, we used the mean values of projections of climate
change across the different climate simulations [29]. The resulting scenario included manipulation
of both precipitation and temperature. For this, future climate plots (Figure S1) are equipped with
mobile shelters and side panels, as well as an irrigation system, the roofs are controlled by a rain
sensor. As a result of continuous adjustment of irrigation or roof closing, precipitation is reduced
by ~20% in summer months and increased by ~10% in spring and autumn. To simulate the increase
in temperature with asymmetry between daytime and nighttime warming, we used the standard
method “passive nighttime warming”. The shelters and panels automatically close from sundown to
sunrise to increase the mean daily temperature by ~0.55 ◦C. The resulting changes in climate conditions
before and during the study period are shown in Figure S2. Ambient climate plots (Figure S1) are
equipped with the same steel constructions (but without shelters, panels, and irrigation system) to
mimic possible microclimatic effects of the experimental setup [29]. Five land use types are involved in
factorial combination with the two climate scenarios, on split plots under the roofs, and the resulting
blocks are replicated five times. The land use treatments consist of three grasslands (conventional
mown, organic mown and organic grazed) and two farming scenarios (conventional and organic).
The wheat straw decomposition experiment was performed on the conventional farming plots under
both ambient (five plots) and future climate (five plots) conditions. The conventional farming plots
are characterized by a typical regional crop rotation (including winter rape, winter wheat, and winter
barley) with tillage and application of mineral fertilizers and pesticides. Details of the management are
given in [29].
2.2. Litterbag Preparation, Field Incorporation, and Sampling
The straw left over (10 cm aboveground) from harvested winter wheat (Triticum aestivum L.) was
sampled from each GCEF field plot and placed in sterile plastic bags before being transported to the
laboratory on ice. The wheat straw from each plot was oven-dried at 25 ◦C for 3 days to normalize the
moisture content, and then 10 g was enclosed in a litter bag (20 × 15 cm, 5 mm mesh size). Three litter
bags were returned back to each field plot (five ambient conventional farming plots and five future
conventional farming plots) in midAugust, 2018. We evaluated the effects of future climate four years
after the start of climate manipulation (The manipulation of temperature and precipitation started in
April and July 2014, respectively). To simulate the natural field conditions, the litterbags were placed
on the soil surface at the beginning of the experiment. The first sampling of litterbags occurred at the
onset of the experiment (0 days). After the process of tillage in September, the litterbags were buried at
the same original location in the plots. Two further samples were collected, the first 30 days and the
second 60 days after field incorporation (Figure S1).
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2.3. DNA Extraction, PCR, and Illumina Miseq Sequencing
Wheat straw from each bag was homogenized with the aid of liquid nitrogen and 150 mg of
the ground material was used for DNA extraction using a DNeasy PowerSoil kit (Qiagen, Valencia,
CA, USA) according to the manufacturer’s instructions. For identification of the fungal taxa,
the internal transcribed spacer 2 (ITS2) region of the rRNA was amplified using the fungal-specific
forward primer fITS7 (5′-GTGARTCATCGAATCTTTG-3′) [33] and the reverse primer ITS4
(5′-TCCTCCGCTTATTGATATGC-3′) [34]. To generate the fungal amplicon library, DNA amplification
was conducted in a two-step process. During the first PCR, the forward primer was constructed
with the Illumina i5 sequencing primer (5′-TCGTCGGCAGCGTCAGATGTG TATAAGA GACAG-3′)
and the fITS7 primer. The reverse primer was constructed with the Illumina i7 sequencing primer
(5′-GTCTCGTGGG CTCGGAGATGTGTATAAGAGACAG-3′) and the ITS4 primer. Amplifications
were performed in 25 µL reactions with a Qiagen HotStar Hi Fidelity Polymerase Kit (Qiagen Inc.,
Valencia, CA, USA), 1 µL of each 5 µM primer, and 1 µL of template. Reactions were performed on
ABI Veriti thermocyclers (Applied Biosytems, Carlsbad, CA, USA). The PCR thermal profile was 95 ◦C
for 5 min, then 35 cycles of 94 ◦C for 15 s, 54 ◦C for 60 s, 72 ◦C for 1 min, followed by one cycle of
72 ◦C for 10 min and 4 ◦C hold. Products from the first stage amplification were added to a second
PCR based on qualitatively determined concentrations. During the second PCR, dual indexes were
attached using the Nextera XT Index Kit with the same amplification conditions as the first stage except
with 10 cycles rather than 35. Amplification products were visualized with eGels (Life Technologies,
Grand Island, NY, USA). Then, products were pooled in equimolar quantities and each pool was size
selected in two rounds using Agencourt AMPure XP (BeckmanCoulter, Indianapolis, IN, USA) in a
0.75 ratio for both rounds. Then, size selected pools were quantified using the Quibit 2.0 fluorometer
(Life Technologies). Sequencing was performed using MiSeq (Illumina, Inc. San Diego, CA, USA)
2 × 300 bp paired-end strategy.
2.4. Detection of the Metabolically Active Mycobiome Colonizing Wheat Residues
To characterize metabolically active fungi involved in wheat straw decomposition, we used
the bromodeoxyuridine (BrdU) immunocapture technique [35]. Briefly, a thymidine analog,
bromodeoxyuridine (BrdU), was added to the wheat straw residues (at initial and early decomposition
stages) and incubated for two days in the field. DNA was extracted, and the newly synthesized
BrdU-labeled DNA was isolated by immunocapture using specific anti-BrdU antibodies as previously
described [35]. PCR and Illumina sequencing were performed as described above.
2.5. Sequence Processing
Merging of the demultiplexed raw reads pair-end data was achieved using the simple Bayesian
algorithm with a threshold of 0.6 and a minimum overlap of 20 nucleotides as implemented in
PANDAseq [36]. All assembled reads were high quality filtered (minimum sequence length 120 bp,
maximum sequence length 580 bp, minimum average Phred score of 25, and maximum length of
20 homopolymers in the sequence and without ambiguous nucleotides). Potential chimeras were
removed using UCHIME [37] as implemented in MOTHUR [38]. High-quality reads were clustered into
operational taxonomic units (OTUs) using cd-hit-est 4.6.2 [39] at a threshold of 97% pairwise similarity.
To assess taxonomic affiliations, the reads were assigned to the UNITE v. 7 sequence database [40]
using the Bayesian classifier as implemented in MOTHUR [38]. The sequences that could not be
classified at the kingdom level were removed from the dataset. Singletons and doubletons, which
could have originated from sequencing errors, were also removed. The datasets were normalized to
the minimum number of sequencing reads per sample using the function of ”rrarefy” from the vegan
package [41] in the R environment version 3.6.1. [42]. Putative ecological functions were assigned
to the fungal OTUs using the annotation tool, FUNGuild [43]. Fungal genera that only classified
to a functional guild with ”probable” or ”highly probable” confidence were considered for further
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statistical analysis. Important functions were added based on a literature survey. All OTUs assigned
as plant pathogenic fungi corresponded to the species hypothesis ”SH” in the UNITE [44] database.
Then, SH created using ≥99% similarity threshold was modified according to the current name in the
Index Fungorum database. The table of main species along with the full name according to Index
Fungorum are included in Table S1. The raw sequences of fungal datasets have been deposited in the
National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under BioProject
accession number: PRJNA624995 (https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA624995).
2.6. Statistical Analysis
Statistical analyses were performed using the R software [42] and PAST program v. 2.17c [45].
All the analyses were conducted based on five independent replicates of the field experiment (n = 5).
The observed richness of OTUs was calculated for each sample using PAST. The sample-based
rarefaction curves indicated saturation of fungal diversity at the analyzed sequencing depth for
most samples, and thus we used the observed OTU richness directly as a proxy for fungal diversity.
Non-metric multidimensional scaling (NMDS) using the Jaccard dissimilarity measure was carried out
to describe fungal community structures in relation to sampling times and climate treatments using the
vegan package [41]. Permutational multivariate analysis of variance (NPMANOVA) based on Jaccard
distance was performed to test dynamics of fungal communities at each time point (0, 30, and 60 days)
subjected to ambient and future climate treatments. As relative abundances obtained by NGS could
not be used quantitatively, we mostly used presence/absence data for multivariate statistics. Two-way
analyses of variance (ANOVA) incorporating the Jarque-Bera (JB) test for normality were performed to
test the impact of climate change and sampling times on the OTU richness of the overall community
and on the richness of OTUs assigned as saprotrophs and plant pathogens. A t-test was applied
to evaluate differences in relative abundance of dominant fungal genera at 0 days under ambient
and future climate treatments. The hierarchical structure of taxonomic classification of the detected
fungal OTUs is presented in a heat tree (based on presence/absence data) created by the metacoder
package [46] in the R software.
3. Results
3.1. Processing of the Sequences
After removal of singletons and doubletons, a total of 585,217 high quality sequences were
obtained among the 30 samples with an average of 19,507 sequences per sample. For normalization,
the dataset was rarefied to 9020 sequence reads per sample (Figure 1A).
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Figure 1. Overview of retrieved fungal operational taxonomic units (OTUs). (A) Rarefaction curve of 
30 samples at an OTU threshold of 97% sequence similarity; (B) Venn diagram showing the overlap 
and distribution of fungal OTUs colonizing wheat straw at three sampling time points (0, 30, and 60 
days). 
Figure 1. Overview of retrieved fungal operational taxonomic units (OTUs). (A) Rarefaction curve of
30 samples at an OTU threshold of 97% sequence similarity; (B) Venn diagram showing the overlap and
distribution of fungal OTUs colonizing wheat straw at three sampling time points (0, 30, and 60 days).
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At 97% similarity threshold, the number of fungal OTUs colonizing wheat straw was 275
(Figure 1B). The retrieved fungal OTUs belonged to Ascomycota (252 OTUs), Basidiomycota (20 OTUs),
Chytridiomycota (one OTU), and two OTUs of unclassified fungi. By analyzing the OTU distribution at
the three time points, we found that 12.4%, 7.3%, and 18.2% of OTUs were unique to samples collected
at 0, 30, and 60 days, respectively (Figure 1B). At 0 days, 24.4% and 33.5% were unique to ambient and
future climate conditions, respectively, whereas only 42% of OTUs were shared between both climate
treatments (Figure S3).
3.2. Climate-Dependent Significant Changes in Composition, Taxonomy, and Richness of the Fungal
Community during Early Stages of Wheat Straw Decomposition
Total fungal communities displayed different dynamic patterns under the ambient and future
climate treatments during the early stages of residue decomposition. In the ambient climate treatment,
the NMDS analysis showed that fungal communities overlapped at the three sampling times (Figure 2A).
This result was confirmed by NPMANOVA (Figure 2G), showing that fungal communities did not
differ significantly (p > 0.05) among 0, 30, and 60 days. In contrast, under the future climate treatment,
the fungal communities at each sampling time were distinct from each other (Figure 2B). NPMANOVA
(Figure 2G) also indicated that fungal communities colonizing wheat straw were significantly different
among all sampling times.
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Figure 2. Non-metric multidimensional scaling (NMDS) ordination diagrams of the overall fungal
community colonizing wheat straw residues in (A) ambient and (B) future climate treatments; The plant
pathogenic community in (C) ambient and (D) future climate treatments; The saprotrophic community
in (E) ambient and (F) future climate treatments. NMDS based on Jaccard dissimilarities was used to
determine the compositional variation, enclosed areas in the NMDS plot are 95% confide ce ellipses,
stress (data distortion) values repres nting the diff r nce betw en distances in the reduced dimension
as compared to the complete multidimensional space (a commonly accepted stress value = 0.20);
(G) Results of the permutational multivariate analysis of variance (NPMANOVA) test analyzing the
effects of decomposition time (sampling date), climate changes, and the interaction between the two
factors on the dynamics of the overall, plant pathogenic and saprotrophic fungi colonizing wheat straw
residues. Significant results (p < 0.05) from NPMANOVA are indicated in bold.
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The analysis of the taxonomic composition of the wheat residue mycobiome revealed that
Sordariomycetes and Dothideomycetes were the dominant classes at all time points under ambient
and future climate treatments (Figure 3A,B). At genus level, Mycosphaerella (~42% of all sequences),
Alternaria (~28% of all sequences) and Fusarium (~12% of all sequences) dominated the community
(Figure 3C). By investigating the effect of climate treatment on the dominant genera at the beginning of
the experiment (0 days), we found that some of the genera were highly influenced by specific climate
treatment. Relative abundance of Fusarium spp. significantly increased (t = 1.4, p < 0.05) under the
future climate treatment as compared with ambient climate treatment, while relative abundance of
Musidium spp. significantly reduced (t = −2.5, p < 0.05). In terms of observed fungal OTU richness at
different time points under both climate treatments (Figure 4A), two-way ANOVA indicated that both
climate and sampling time significantly affected the fungal community (Figure 4A) especially under
the future climate treatment, as OTU richness significantly increased with time.
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3.3. Plant Pathogens Dominate the Fungal Guilds
The fungal community colonizing wheat straw was assessed in terms of fungal guilds and trophic
modes using FUNGuild (Figure 4B). Plant pathogenic fungi dominated the fungal communities
(relative abundance 79.8–92.7%) at all time points and under both climate treatments, while saprotrophs
were present at relatively low abundance (1.1–3.7%) among all treatments (Figure 4B). In addition,
plant pathogens were represented by a higher number of OTUs than saprotrophs (Figure 4C,D). In total,
82 OTUs classed as plant pathogenic fungi colonized the wheat straw residues at the three sampling
time points (Figure 4E). The analysis revealed a significant effect of climate treatment only on plant
pathogenic fungi (F = 4.30, p = 0.04). A noticeable increase in OTU richness related to plant pathogens
was observed under the future climate treatment (Figure 4C). On the other hand, only saprotrophs
responded significantly to the sampling time (F = 8.79, p = 0.001) and interaction between climate
and sampling time (F = 5.09, p = 0.014), especially under the future climate treatment, which was
characterized by an increase in OTUs related to saprotrophs (Figure 4D) over time.
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Figure 4. (A) Box plots sho ing observed OTUs at each time point (0, 30, and 60 days) under ambient
and future climate treat ents, supported by the results of a two-way ANOVA; (B) Stacked bar chart
showing the relative abundance of predicted fungal guilds using the FUNGuild annotation tool;
Box plots showing observed richness of OTUs classed as (C) plant pathogens and (D) saprotrophs;
(E) Venn diagram showing the overlap and distribution of fungal OTUs classed as plant pathogens,
which colonize wheat straw at the three sampling time points (0, 30, and 60 days).
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3.4. Strong Succession Pattern of Pathogenic and Saprotrophic Fungi Colonizing Wheat Straw Residues over
Time under the Future Climate Treatment but Not under Ambient Climate
Ambient climate had no significant effect on the dynamics of either plant pathogenic (Figure 2C,G)
or saprotrophic fungi (Figure 2E,G) colonizing wheat straw at the different sampling times (0, 30,
and 60 days). In contrast, the future climate was associated with a significant shift in the plant
pathogenic community colonizing wheat straw at 30 (F = 1.51, p = 0.038) and 60 days (F = 2.25, p = 0.007)
of field incorporation as compared with the community at 0 days (Figure 2D,G). A compositional shift
of saprotrophic communities was detected at 60 days as compared with the community at 0 days
(F = 2.67, p = 0.011). Similarly, saprotrophic communities at 30 and 60 days differed significantly
(F = 3.02, p = 0.009) only in the case of the future climate treatment (Figure 2F,G).
3.5. Future Climate Affects the Taxonomic Distribution of Plant Pathogenic Fungi
We analyzed the taxonomic distribution of fungal OTUs classed as plant pathogens after this
was revealed to be the dominant functional group (Figure 5A,B). We observed that some genera were
specific to each climate treatment. For example, Leptosphaeria and Colletotrichum were detected only
in the ambient climate plots, while Blumeria, Paraphoma, Pyrenopeziza, Waitea, Thanatephorus, Edenia,
Pyrenochaetopsis, and Neostagonospora were detected only in the future climate plots.
The dynamics of the plant pathogenic community at the three sampling times were clearly detectable
only under the future climate treatment (Figure 5B). Some taxa that initially colonized the wheat straw
residues (0 days) totally disappeared at 30 or 60 days (Blumeria (Erysiphaceae), Edenia (Pleosporaceae),
Neostagonospora (Phaeosphaeriaceae), and Waitea (Ceratobasidiaceae)). New colonizing taxa emerged
at both 30 and 60 days, including Gaeumannomyces (Magnaporthaceae), Botrytis (Sclerotiniaceae),
Pseudopithomyces (Didymosphaeriaceae), and Pyrenochaetopsis (Phaeosphaeriaceae). Thanatephorus
(Ceratobasidiaceae) was detected at the last time point (60 days). By increasing the field incubation time
from 0–60 days, some taxa exhibited higher occurrence, these included Didymella (Didymellaceae) and
Sclerostagonospora (Phaeosphaeriaceae), whereas others exhibited lower occurrence, these included
Zymoseptoria (Mycosphaerellaceae).
3.6. Future Climate Could Encourage New Pathogenic Fungal Species to Colonize Wheat Straw Residues
According to the species hypothesis of the UNITE database, 29 fungal species were retrieved and
constituted three occurrence clusters in relation to the treatments (Figure 6). The first cluster comprised
all species with high occurrence at almost all time points under both ambient and future climate
treatments, these included Mycosphaerella tassiana, Alternaria metachromatica, Fusarium poae, F. tricinctum,
F. graminearum, Microdochium nivale and Gibellulopsis piscis. The second cluster contained most species
with relatively low occurrence at almost all sampling time points, but present in both ambient and
future climate treatments, these included F. proliferatum, Plectosphaerella oratosquillae, Sclerostagonospora
phragmiticola Neosetophoma rosigena, and Didymella exigua. The exception was for Fusarium langsethiae
that shows high occurrence at 30 and 60 days under the future climate scenario. The third cluster
consisted of species with the lowest occurrence or species detected under a specific climate treatment.
Unique species were colonizing the plant residues under the future climate treatment at 0 days
(Blumeria graminis, Waitea circinate, and Neostagonospora elegiae), at 0 and 30 days (Pyrenochaetopsis
leptospora), and at 60 days (Paraphoma rhaphiolepidis). The results based on BrdU-labeled DNA showed
that almost all the detected pathogens (26/29 species) were metabolically active. Exceptions were
Waitea circinata, Didymella exigua, and Colletotrichum acerbum.
Microorganisms 2020, 8, 908 10 of 17
Microorganisms 2020, 8, x FOR PEER REVIEW 10 of 17 
 
 
Figure 5. Microbial composition of the plant pathogenic fungal community colonizing wheat straw 
residues. Heat tree showing the fungal community composition at three sampling time points (0, 30, 
and 60 days) under ambient (A) and future (B) climate treatments. Colors represent the occurrences 
of OTUs. Gain of new taxa colonizing wheat straw is indicated by green circles while loss of taxa is 
indicated by red circles. The NPMANOVA test (Figure 2G) confirmed significant dynamics of the 
pathogenic mycobiome under the future climate treatment. 
i re 5. icr ial c siti f t e la t at e ic f al c it c l izi eat stra
r si s. t tr s i t f l c it c siti t t r s li ti i ts ( , ,
) r i t ( ) f t r ( ) cli ate treat e ts. l r r r t t rr
. i t l i i t t i i i t i l il l t i
circl . fi i fi t
t i c i e er t e f t re cli ate treat ent.
Microorganisms 2020, 8, 908 11 of 17
Microorganisms 2020, 8, x FOR PEER REVIEW 11 of 17 
 
 
Figure 6. Heat map of all OTUs classed as pathotrophic fungi found to colonize wheat straw residues. 
The OTUs corresponded to the ”species hypothesis” in the UNITE database using ≥99% similarity 
threshold. Three main clusters of species were found based on the occurrence of OTUs at different 
sampling times of wheat straw under ambient and future climate treatments. Non-active pathogens 
are indicated by asterisks. 
4. Discussion 
In this work, we quantified the richness of functional groups of fungi and their dynamics in 
wheat residues under ambient and future climate conditions. The future climate scenario is 
characterized by a reduction of precipitation by ~20% and increasing in soil temperature by ~1.5 °C 
during the period of our experiment (Figure S1) as comparing with the current climate conditions. 
The future climate scenario significantly changes the richness patterns and community dynamics of 
total, saprotroph, and plant pathogenic fungi. Importantly, we found a consistent pattern under both 
climate treatments, namely that fungal pathogens dominated the mycobiome and almost all of them 
were active. However, our results also show that the future climate treatment brings new plant 
pathogens into the system (as compared with ambient climate treatment) and significantly affects the 
pathogen community dynamics during the first 60 days of decomposition. These changes could affect 
subsequent wheat production if the residues are returned to the soil. 
4.1. The Hyper Dominant Pattern of Fungi Inhabiting Wheat Residue Remains until 60 Days 
Using the internal transcribed spacer 2 (ITS2) metabarcoding of fungi, our study on the 
dynamics of the mycobiome reveals a hyper dominant pattern of Sordariomycetes and 
Dothideomycetes occurring consistently under both climate treatments up to 60 days of 
decomposition. Comparing the two classes, Dothideomycetes are highly dominant (covering ~60% 
and 80% of sequence relative abundance at 0 and 60 days, respectively). The most frequently detected 
genera were Mycosphaerella and Alternaria, which are clearly resistant to the climate change scenario 
considered. Although both are potential plant pathogens [47], they are frequently detected on wheat 
crop residues during their saprophytic life stage. Consistent with other studies [8], Ascomycota is the 
dominant fungal phylum in wheat residues and is represented by Alternaria, Cladosporium, and 
Figure 6. Heat map of all OTUs classed as pathotrophic fungi found to colonize wheat straw residues.
The OTUs corresponded to the ”species hypothesis” in the UNITE database using ≥99% similarity
threshold. Three main clusters of species were found based on the occurrence of OTUs at different
sampling times of wheat straw under ambient and future climate treatments. Non-active pathogens
are indicated by asterisks.
4. i i
In this work, we quantified the richness of functional groups of fungi a d their dynamics in wheat
residues un er ambient and future climate conditions. The fu ure climate scenario s chara terized by
a reduction of precipitation by ~20% and increasing in soil temperature by ~1.5 ◦C during the period
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and plant pathogenic fungi. Importa tly, we found a co sistent pattern under both climate treatments,
na ely that fungal pathogens domi ated the mycobi e and almost all of them were active. However,
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consistently und r b th climate treatm s up to 60 days of decomposition. Comparing the two classes,
Dothide mycetes are highly dominant (covering ~60% and 80% of sequence relative abundance at 0
and 60 days, respectively). The most frequently detected genera were Mycosphaerella a d Alt rnaria,
which are clearly resistant to the climate change scenario considered. Although bot are potential
pla t pathogens [47], they are frequ tly detected on wheat crop r sidues during their saprophytic life
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stage. Consistent with other studies [8], Ascomycota is the dominant fungal phylum in wheat residues
and is represented by Alternaria, Cladosporium, and Phaeosphaeria. Ascomycota includes different
soil-borne fungal plant pathogens, as well as nonpathogenic genera and their abundance is higher in
low productivity land [48].
4.2. Robustness of Initial Fungal Wheat Residue Inhabitants to Mechanical Disturbance and Climate Change
Unexpectedly, we found that potentially active phytopathogens dominated the mycobiome
in plant residues (relative abundance on average 87% among all fungal microbiota for each
climate at the initial time point, 0 days). Among them, Zymoseptoria tritci, Microdochium nivalis,
Gibellulopsis piscis, Mycosphaerella tassinia, Stemphylium vesicarium, Fusarium poae, F. graminearum,
F. tricinctum, and F. langsethiae were detected. We confirmed that this zymogenic community has been
inherited from the wheat plant, as reported previously [8,49]. Although wheat residues were buried in
the soil after tillage (before 30- and 60-day sampling), the colonizing pathogens continued to be detected
in large numbers throughout the first 60 days of straw decomposition, in both ambient and future
climate treatments. The reason is that many pathogens, either necrotrophs (e.g., Zymoseptoria tritci,
Stemphylium vesicarium, Microdochium nivale, etc.), or biotrophs (e.g., Blumeria graminis) can use plant
residues as shelter [50]. They can over-summer or over-winter in the form of dormant structures within
plant debris [47,50]. Pathogens induce changes in plant tissues, which can themselves modify the
fungal communities inhabiting the residues and this general phenomenon can demonstrate the impact
of pathogens on the fungal communities observed in both ambient and future climate treatments [51].
The viability of plant pathogens for 60 days in wheat residues is sufficient for the seedling blight
pathogens F. culmorum, F. graminearum, F. poae, and Microdochium nivalis to infect the subsequent wheat
crop at the seedling stage [52,53]. Moreover, Fusarium graminearum and Fusarium culmorum cause
devastating diseases at different life stages of wheat, including foot and root rot, and Fusarium head
blight and, additionally, they are able to produce mycotoxins in wheat grains [54–57]. Furthermore,
less aggressive species, such as Fusarium langsethiae and Fusarium poae, are also able to produce
mycotoxin in infected hosts [58,59]. A study on fungal community dynamics in a wheat-soybean
rotation system showed that incorporating wheat residues into the soil significantly reduced plant
pathogen associated fungal taxa including, Fusarium and Alternaria in the soil at the early phrase of
decomposition (0–60 days) [2]. In contrast, our results showed not only wheat pathogens Fusarium
spp. and Alternaria spp. but others were also detected in wheat residues over the same time span.
This challenges the idea that wheat residue return can significantly reduce plant pathogens in the soil.
Crop rotation could play an important role in determining the occurrence of plant pathogens in wheat
fields [2].
Our results show that most of the plant pathogens in the ambient climate treatment are resilient to
future climate conditions (except Colletotrichum acerbum, which is not active). Due to the relatively small
(but realistic) changes in temperature and precipitation patterns implemented in the GCEF experiment,
it is not surprising that actual endemic species do not disappear. The abundant fungal species in
wheat residues Zymoseptoria tritci, Microdochium nivale, Fusarium graminearum, F. tricinctum, F. poae,
Gibellulopsis piscis, Mycosphaerella tassiana, Pseudopithomyces rosae, and Stemphylium vesicarium form the
backbone of the plant pathogenic mycobiome that can persist under the predicted climate change
conditions. This is consistent with previous studies that have reported increased incidence and severity
of head blight (caused by Fusarium graminearum) and Septoria tritici blotch (caused by Zymoseptoria
tritci) on wheat exposed to predicted climate change due to elevated CO2 concentrations [60,61].
4.3. Future Climate Favors New Plant Pathogens Colonizing the Senescing Wheat Litter
Changes in rainfall patterns and temperature increases have already been found to favor the
occurrence of novel plant pathogens [62]. Pathogen reproduction and survival are influenced by
temperature [63]. Climate change parameters have also been described to support epiphytic and
saprophytic stages of certain pathogens [21]. Thus, faced with abiotic changes, phytopathogens can
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change their lifestyle and trophic strategies to circumvent host defense strategies over a prolonged
period. Our results indicate that the predicted climate changes, with alterations to temperature and
precipitation patterns, can increase disease risks in agroecosystems, as under the future climate scenario
applied in the GCEF field experiment, five potential plant pathogenic fungi (Paraphoma rhaphiolepidis,
Pyrenochaetopsis leptospora, Neostagonospora elegie, Blumeria graminis, and Waitea circinata) emerged but
were not detected in plots under the ambient climate conditions. Of these, Blumeria graminis has been
reported to be a wheat powdery mildew pathogen [64]. Rhizoctonia zeae, the anamorph of Waitea
circinate, is a causal agent of damping off of various wheat varieties [65]. To the best of our knowledge,
this is the first report indicating that climate changes can affect the occurrence of fungal plant pathogens
in wheat residue.
4.4. Why Do Fungal Community Dynamics Differ between Ambient and Future Climates? The Initial
Mycobiome Colonizing Wheat Residues Determines Future Community Development
On the one hand, the composition of total, pathogenic, and saprotrophic fungal communities
has changed under future climate treatment due to losses and gains; some members disappeared,
while others emerged. This response is expected as a consequence of climate change but has never
before been reported in the case of residue-borne wheat pathogens. On the other hand, under the
ambient climate, we found a stable community over time. Previous studies have shown that community
assembly history is one of the main determinants of microbial community structure and function [16,66].
In our experiment, climate manipulation started, in 2014, in a continuous realistic conventional farming
situation. As a result, after four years, we found that the initial fungal communities colonizing
wheat straw under the future climate treatment were already changed as compared with those
under the ambient climate treatment. For instance, under the future climate at 0 days, 33% of the
detected OTUs were specific. In addition, the relative abundance of some genera such as Fusarium
increased significantly, while Musidium decreased. Later, after 30 and 60 days of field incorporation,
strong succession patterns for the overall community, the saprotrophic and plant pathogenic fungi
were detected only in case of future climate plots. We attributed this shift in the dynamics of the
mycobiome to the initial community composition of the colonizing mycobiome, as the abundance of
species that first colonize the wheat residues affect the succession of species that colonize the plant
residues later according to the community assembly history hypothesis [16,66].
5. Conclusions
Our analyses showed a potentially high impact of climate change on fungal richness pattern and
community dynamics in wheat residue at the early stage of decomposition. Surprisingly, we found
fungal pathogens to be dominant over saprotrophs under both ambient and future climates, however,
their richness pattern and community dynamics differed over time between the two climate treatments.
Combining an NGS approach with the bromodeoxyuridine immunocapture technique demonstrated
that these wheat residue pathogenic mycobiomes were mainly active. This indicates that straw
incorporation into the soil can favor the contamination of wheat plants in the subsequent growing
season. While pathogens of the current climate were resilient, additional ones occurred under the
future climate scenario, which suggests an increased pathogen risks. This reinforces the need to
monitor the richness and community dynamics of the pathogenic mycobiome associated with diverse
crops under climate change conditions [27], and to be prepared for the possibility of increased risk of
pathogens on crops as a result of climate change.
Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/6/908/s1,
Figure S1: Schematic overview of the experimental design, Figure S2: Effects of climate manipulation on (A)
total precipitation (sum of season) and (B) soil temperature (daily mean temperature), Figure S3: Venn diagram
showing the overlap and distribution of fungal OTUs detected on wheat straw at 0 days under ambient and
future climate treatments, Table S1: Relative abundance of phytopathogenic fungal species retrieved from OTUs
colonizing wheat straw residues based on the UNITE species hypothesis along with the full name according to
Index Fungorum.
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Table S1. Relative abundance of phytopathogenic fungal species retrieved from OTUs colonizing 
wheat straw residues based on the UNITE species hypothesis along with the full name according 
to Index Fungorum. 
Species Fungorum current name:± zero days - 
ambient 
zero days - 
future 
30 days - 
ambient 
30 days - 
future 
60 days - 
ambient 
60 days - 
future 
Alternaria eichhorniae Nag Raj & 
Ponnappa, Trans. Br. mycol. Soc. 55(1): 
124 (1970) 
0.2±0.163 0.2±0.2 2.8±1.392 0.2±0.2 1.4±0.748 2.2±0.867 
Alternaria metachromatica E.G. Simmons, 













Blumeria graminis (DC.) Speer, Sydowia 
27(1-6): 2 (1975) 
0±0 0.4±0.4 0±0 0±0 0±0 0±0 
Botrytis caroliniana Xing P. Li & G. 
Schnabel, in Li, Kerrigan, Chai & Schnabel, 
Mycologia 104(3): 654 (2012) 
0±0 0±0 0.4±0.4 0.4±0.244 0±0 0.4±0.219 








Mycosphaerella tassiana (De Not.) 
Johanson, Öfvers. K. Svensk. Vetensk.-













Colletotrichum acerbum Damm, P.F. 
Cannon & Crous, in Damm, Cannon, 
Woudenberg, & Crous, Stud. Mycol. 73: 43 
(2012) 
0±0 0±0 0±0 0±0 0.2±0.2 0±0 
Didymella exigua (Niessl) Sacc., Syll. fung. 
(Abellini) 1: 553 (1882) 
0.2±0.163 0.2±0.2 1.2±0.583 1±0.632 1.8±0.8 1±0.282 
Fusarium fujikuroi Nirenberg 1976 4.6±3.352 277.6±277.35 1.4±1.166 2.8±2.557 0±0 0±0 
Fusarium gibbosum Appel & Wollenw. 
1910 
0.8±0.653 29±29 0.6±0.6 0.6±0.6 0±0 0±0 
Fusarium langsethiae Torp & Nirenberg, 
Int. J. Food Microbiol. 95(3): 248 (2004) 
43.8±35.762 1.2±1.2 2.2±1.743 7.4±2.785 0±0 29.4±20.31
6 
Fusarium poae (Peck) Wollenw., in Lewis, 









Fusarium proliferatum (Matsush.) 
Nirenberg ex Gerlach & Nirenberg 1982 
3±1.125 1.6±1.6 12.6±4.686 4.2±3.954 21.8±15.506 11.8±6.575 





Gaeumannomyces radicicola (Cain) J. Luo 
& N. Zhang, in Luo, Walsh & Zhang, 
Mycologia 107(3): 644 (2015) 
0±0 0±0 0.2±0.2 0.2±0.2 0±0 0.2±0.178 
Gibellulopsis piscis Bat. & H. Maia, Anais 

















67±20.583 101±70.095 96.2±50.344 107.4±20.7
53 
Musidium stromaticum (W. Gams & R.H. 
Stover) Giraldo López & Crous 2018 
0.4±0.326 0.2±0.2 0±0 0±0 0±0 0.2±0.178 
Neosetophoma rosigena Wanas., E.B.G. 
Jones & K.D. Hyde, in Wanasinghe et al., 
Fungal Diversity: 10.1007/s13225-018-
0395-7, [129] (2018) 
0.6±0.326 111.8±102.75 5±2.408 1±0.632 8.8±7.572 10.6±7.324 
Neostagonospora elegiae Quaedvl., Verkley 
& Crous, Stud. Mycol. 75: 365 (2013) 
0±0 0.4±0.244 0±0 0±0 0±0 0±0 
Paraphoma rhaphiolepidis Crous & Toome, 
in Crous et al., Persoonia 38: 281 (2017) 
0±0 0±0 0±0 0±0 0±0 0.2±0.178 
Plectosphaerella oratosquillae (P.M. Duc, 
Yaguchi & Udagawa) A.J.L. Phillips, 
Carlucci & M.L. Raimondo [as 
'oratosqillae'], in Carlucci, Raimondo, 
Santos & Phillips, Persoonia 28: 43 (2012) 
0.2±0.163 0.2±0.2 3.8±3.072 0.2±0.2 0.4±0.4 0.6±0.219 
Pseudopithomyces rosae Phukhams., 
Camporesi & K.D. Hyde, in Wanasinghe et 
al., Fungal Diversity: 10.1007/s13225-018-
0395-7, [43] (2018) 
2±1.238 0±0 2.2±0.583 3.4±0.678 6.2±3.072 7.6±3.054 
Pyrenochaetopsis leptospora (Sacc. & 
Briard) Gruyter, Aveskamp & Verkley, in 
de Gruyter, Woudenberg, Aveskamp, 
Verkley, Groenewald & Crous, Mycologia 
102(5): 1076 (2010) 
0±0 0±0 0±0 0.4±0.4 0±0 0.4±0.357 
Pyrenophora chaetomioides Speg., Anal. 
Mus. nac. Hist. nat. B. Aires 6: 285 (1898) 
0±0 0.4±0.4 0.2±0.2 0.2±0.2 0±0 0±0 
Sclerostagonospora phragmiticola Quaedvl., 
Verkley & Crous 2013 
0.6±0.326 40.2±38.962 4.8±3.878 12.2±11.702 19.8±19.8 67.8±48.1 
Stemphylium vesicarium (Wallr.) E.G. 
Simmons, Mycologia 61(1): 9 (1969) 
4.8±3.525 8.4±3.44 14±6.3 5.2±1.854 17±9.077 4.8±1.338 
Waitea circinata Warcup & P.H.B. Talbot, 
Trans. Br. mycol. Soc. 45(4): 503 (1962) 
0±0 2.6±2.6 0±0 0±0 0±0 0±0 
Zymoseptoria tritici (Roberge ex Desm.) 
Quaedvl. & Crous, in Quaedvlieg, Kema, 
Groenewald, Verkley, Seifbarghi, Razavi, 
Mirzadi Gohari, Mehrabi & Crous, 
Persoonia 26: 67 (2011) 
136.4±92.45
2 
59.4±30.881 9.6±4.226 16±5.449 20.6±12.959 11±4.137 


















Figure S1. Schematic overview of the experimental design: The wheat straw decomposition 
experiment was performed in the conventional farming plots under (A) future and (B) ambient 
climate treatments in GCEF; (C) the first sampling was performed after wheat harvest (0 days); 
(D) litterbags were placed aboveground; (E) litterbags were buried in the same plot during soil 
tillage; (F & G) Litterbags were sampled after 30 days and after 60 days of field incorporation. 
 
Figure S2. Effects of climate manipulation on (A) total precipitation (sum of season) and (B) soil 
temperature (daily mean temperature) in a depth of 1 cm in experimental plots managed by 
conventional farming in the GCEF. Precipitation is not manipulated during the winter months. 
Note that the effects of soil temperature is strongly modulated by indirect effects via the change 
of vegetation cover (see also Schädler et al. 2019). Here, better growing conditions during the 
establishment of winter rape (autumn-spring) in the future treatment (higher precipitation, 
warmer) led to a higher vegetation cover and consequently lower direct insolation and lower soil 
temperatures in this treatment. This could not be observed for winter wheat in 2018 since plant 






































































































































Figure S3. Venn diagram showing the overlap and distribution of fungal OTUs detected on wheat 
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Abstract
Even though it is widely acknowledged that litter decomposition can be impacted by climate change, the functional roles 
of microbes involved in the decomposition and their answer to climate change are less understood. This study used a field 
experimental facility settled in Central Germany to analyze the effects of ambient vs. future climate that is expected in 
50–80 years on mass loss and physicochemical parameters of wheat litter in agricultural cropland at the early phase of 
litter decomposition process. Additionally, the effects of climate change were assessed on microbial richness, community 
compositions, interactions, and their functions (production of extracellular enzymes), as well as litter physicochemical fac-
tors shaping their colonization. The initial physicochemical properties of wheat litter did not change between both climate 
conditions; however, future climate significantly accelerated litter mass loss as compared with ambient one. Using MiSeq 
Illumina sequencing, we found that future climate significantly increased fungal richness and altered fungal communities 
over time, while bacterial communities were more resistant in wheat residues. Changes on fungal richness and/or community 
composition corresponded to different physicochemical factors of litter under ambient  (Ca2+, and pH) and future (C/N, N, P, 
 K+,  Ca2+, pH, and moisture) climate conditions. Moreover, highly correlative interactions between richness of bacteria and 
fungi were detected under future climate. Furthermore, the co-occurrence networks patterns among dominant microorganisms 
inhabiting wheat residues were strongly distinct between future and ambient climates. Activities of microbial β-glucosidase 
and N-acetylglucosaminidase in wheat litter were increased over time. Such increased enzymatic activities were coupled 
with a significant positive correlation between microbial (both bacteria and fungi) richness and community compositions 
with these two enzymatic activities only under future climate. Overall, we provide evidence that future climate significantly 
impacted the early phase of wheat litter decomposition through direct effects on fungal communities and through indirect 
effects on microbial interactions as well as corresponding enzyme production.
Keywords Wheat litter decomposition · Climate change · Litter physicochemical properties · Hydrolytic enzymes · MiSeq 
Illumina sequencing · Microbial community
Introduction
Wheat litter incorporation into the soil is a well-established 
sustainable practice in modern agricultural systems [1]. 
Decomposition of wheat residues supports plant productivity 
by increasing soil organic matter and other nutrients [2]. The 
dynamics of the plant litter decomposition process is trig-
gered and regulated by several factors such as litter quality, 
abundances, and activities of soil decomposers, especially 
saprotrophs. Moreover, all of these factors are governed by 
climatic conditions [3–6]. Wheat litter consists of cellu-
lose (28–39%), hemicelluloses (23–24%), lignin (16–25%), 
and few contents of ashes and proteins [7]. The relative 
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proportions of these compounds differ within plant organs 
and determine litter quality [8]. In cropland ecosystems, it 
is a common practice that only the glucan- (hemicellulose) 
and lignin-rich short stems (i.e., 10 cm aboveground) remain 
after harvest to be incorporated into the soil [7].
Microbes are the primary agents of decomposition, 
whereby fungi play essential roles due to their ability to pro-
duce various enzymes catalyzing breakdowns of polymeric 
organic plant compounds such as cellulose, hemicellulose, 
and lignin [9]. Bacteria facilitate decomposition processes 
directly by producing decomposing proteolytic and cellulo-
lytic enzymes or indirectly by interacting with fungi or by 
increasing available nutrients for further colonizing taxa [3, 
10]. A recent study reported a stronger impact of bacteria 
on litter decomposition rates than fungi [11]. Numerous 
studies have demonstrated that the microbial activities, as 
measured by the amount of microbial enzymes, are linked 
with litter decomposition rates in different ecosystems [6, 
10, 12, 13]. The antagonistic or competitive relationships 
among litter-colonizing microbes significantly influence 
the quantities of these litter-degrading enzymes [10, 13]. 
However, the complex interactions among microbial com-
munities, chemical composition of wheat litter, and enzyme 
activities remain unclear, especially under the conventional 
farming practices of cropland ecosystems. In addition, the 
driving physicochemical factors, identity, and dynamics of 
microorganisms associated with wheat residues in soil are 
still poorly documented at the early stage of decomposition. 
Changes of the microbial community assemblage at the early 
stage of decomposition determine the microbial richness and 
community compositions, nutrient cycling, and related eco-
system functions in later stages [14, 15].
At global and regional scales, climatic factors, especially 
temperature and moisture, are the main driving elements 
of litter decomposition, as they affect both the identity and 
activity of decomposing organisms [10, 16, 17]. A large 
experimental study investigated early stage litter decompo-
sition at the biome scale (across nine biomes) and showed 
that climatic conditions had a significant role on litter mass 
loss, whereby precipitation was the more influencing factor 
over temperature [5]. In agroecosystems, a meta-analysis 
reported that an increase of temperature by 2 °C accelerated 
litter decomposition across China [18]. At local scale, high 
moisture and temperature seasonal variations were found 
to increase wheat litter decomposition rate [1]. Since lit-
ter decomposition is affected by temperature and moisture 
regimes, future climate conditions including the combined 
effects of both factors are expected to influence such decom-
position process. Only few studies to date have investigated 
these combined factors on litter decomposition. For instance, 
Yin et al. reported adverse effect of future climate conditions 
on litter decomposition rate [19]. To the best of our knowl-
edge, the influence of future climate compared to ambient 
climate conditions on mass loss of wheat litter and associ-
ated microbial communities along with their enzyme activi-
ties is poorly investigated.
The present study took advantage of a field infrastructure, 
the Global Change Experimental Facility (GCEF), estab-
lished in Germany. This facility has been designed to investi-
gate the consequences of a predicted future climate scenario 
on ecosystem processes in comparison with ambient climate 
condition across different land uses [20]. Future climate sce-
nario is based on projections for the next 50–80 years with 
an increased temperature and a changed precipitation pattern 
consisting of reduced precipitation in summer and increased 
precipitation in spring and autumn. We performed a litter 
decomposition experiment in conventionally managed crop-
land ecosystem plots. In our preliminary work, we have dem-
onstrated that fungal plant pathogens are highly dominant in 
wheat residues during the early phase of field decomposition 
[21]. Pathogenic fungi were accounted by ~ 87% of the rela-
tive abundance of total mycobiome, while saprotrophs were 
present at relatively low abundance (1.1–3.7%) [21]. Some 
of these plant pathogens are reported to have litter-decom-
posing abilities [22]. Therefore, the aims of the present study 
were to compare the influence of ambient and future climatic 
conditions on (i) the diversity and community composition 
patterns of both bacteria and fungi inhabiting wheat litter 
during the early phase of decomposition (2 months after 
field incorporation); (ii) the litter physicochemical factors 
related to changes in the bacterial and fungal diversity and 
community composition; (iii) the interaction between plant 
pathogenic fungi and other microbes (bacteria and sapro-
trophic fungi); (iv) the changes of physicochemical proper-
ties and mass loss of wheat litter, as well as the activities of 
microbial enzymes; and (v) the linkage among microbial 
richness, community compositions, litter physicochemical 
properties, and enzyme activities. We hypothesized that 
(H1) patterns of microbial richness and community dynam-
ics would differ under ambient and future climates; (H2) 
climate changes would lead to a shift in the correlative 
interactions among bacteria and fungi (total, saprotrophs, 
and pathogens); (H3) climate change has indirect effect on 
microbial communities through influencing on wheat lit-
ter physicochemical properties; and finally (H4) direct and 
indirect effects of future climate on microbial communities 
negatively impact enzyme activities and mass loss of wheat 
litter during the early phase of decomposition.
Methods and Materials
Study Site and Experimental Platform
Our study was carried out in a temperate cropland char-
acterized by a subcontinental climate (mean temperature 
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8.9 °C, and mean annual rainfall of 498 mm for the period 
1896–2013; mean temperature 9.8 °C, and mean annual 
rainfall of 516 mm for the period 1995–2014) in the Global 
Change Experimental Facility (GCEF), a field research sta-
tion of the Helmholtz Centre for Environmental Research 
in Bad Lauchstädt, Saxony-Anhalt, Germany (51°22′60 N, 
11°50′60 E, 118 m a.s.l.). During the study period (2018), 
the mean temperature was 10.8 °C with an annual rainfall 
of 254 mm. The GCEF (Fig. S1a) was designed to com-
paratively investigate the consequences of future climate 
and ambient climate conditions on ecosystem processes in 
a 50 field plots (400  m2 each), with half of them subjected 
to ambient and future climatic conditions, respectively [20]. 
The future climate conditions is a consensus scenario across 
three models (COSMO-CLM [23], REMO [24], and RCAO 
[25]) of climate change in Central Germany for the time 
between 2070 and 2100 that manipulate both precipitation 
and temperature. In the GCEF, climate manipulation has 
started in 2014 (4 years prior to our experiment). Future 
climate plots (Fig. S1b) are equipped with mobile shelters 
and side panels, as well as an irrigation system; the roofs are 
controlled by a rain sensor. As result of continuous adjust-
ment of irrigation or roof closing, precipitation is reduced 
by approximately 20% in summer months and increased by 
about 10% in spring and autumn. To simulate the increase 
in temperature with asymmetry between daytime and night-
time warming, we used the standard method passive night-
time warming to maintain the higher daytime temperature 
for increasing night temperature [26]. The shelters and pan-
els automatically close from sundown to sunrise to increase 
the mean daily temperature by approximately 0.55 °C. The 
resulting changes in climate conditions before and during 
the study period were shown in Figure S2. Ambient climate 
plots are equipped with the same steel constructions (but 
without shelters, panels, and irrigation system) to mimic 
possible microclimatic effects of the experimental setup 
[20]. The wheat litter decomposition experiment was per-
formed on the conventional farming plots under both ambi-
ent (five replicate plots) and future climate (five replicate 
plots) conditions. The conventional farming plots are char-
acterized by a typical regional crop rotation (including win-
ter rape, winter wheat, and winter barley) with tillage and 
application of mineral fertilizers and pesticides. Manage-
ment details are given elsewhere [20].
Litterbag Preparation, Experimental Design, 
and Sampling
After harvest of winter wheat (Triticum aestivum L.) in 2018, 
the litter left over (10 cm aboveground) was sampled from 
each GCEF field plot and placed in sterile plastic bags before 
transferred to the laboratory on ice. The wheat litter from 
each plot was oven-dried at 25 °C for 3 days to normalize the 
moisture content, and then 10 g was enclosed in a litterbag 
(20 × 15 cm, 5 mm mesh size) [21]. Three litterbags were 
returned back to each field plot (five ambient conventional 
farming plots and five future conventional farming plots) in 
mid-August 2018. To simulate the natural field conditions, 
the litterbags were placed on the soil surface at the beginning 
of the experiment and following the agricultural practices 
(tillage), they were buried at 5 cm depth after 20 days. First 
sampling occurred at the onset of the experiment (0 days). 
The second sampling was done in first 30 days and the third 
sampling at 60 days after field incorporation. For sampling, 
one litterbag per plot was placed in sterile plastic bag before 
transferred to the laboratory on ice. Our experiment was 
therefore established at the end of the drought period under 
future conditions in summer. Physicochemical properties of 
soil did not differ significantly between ambient climate and 
future climate plots (Table S1).
Microbial DNA Extraction, PCR, and Illumina MiSeq 
Sequencing
Wheat litter from each bag (a total of 30 bags; 10 bags for 
each time point where half of these are incubated under 
ambient and future climate conditions, respectively) was 
homogenized with the aid of liquid  N2 and was used for fur-
ther analyses. DNA was extracted from 150 mg of homog-
enized wheat litter sample using a DNeasy PowerSoil kit 
(Qiagen, Valencia, CA, USA) according to the manufactur-
er’s instructions, then subjected to polymerase chain reac-
tion (PCR). The V5–V7 region of the bacterial 16S rRNA 
gene was amplified using the following primers: BAC799F 
forward (5′-AACMGGA TTA GAT ACC CKG-3′) [27] and 
BAC1193R reverse (5′-ACG TCA TCC CCA CCT TCC -3′) 
[28]. These bacterial primer pairs were chosen because 
they do not amplify the chloroplast DNA in pyrosequenc-
ing [29]. The ITS2 region of fungi was amplified using the 
following primers: fITS7 (5′-GTG ART CAT CGA ATC TTT 
G-3′) [30] and ITS4 (5′-TCC TCC GCT TAT TGA TAT GC-3′) 
[30]. The amplification was performed in a two-step process. 
First amplifications were performed in 25 µL reactions with 
a Qiagen HotStar Hi Fidelity Polymerase Kit (Qiagen Inc., 
Valencia, CA, USA), 1 µL of each 5 µM primer, and 1 µL 
of DNA template. Reactions were performed on ABI Veriti 
thermocyclers (Applied Biosystems, Carlsbad, CA, USA). 
The first PCR conditions were 95 °C for 5 min, then 35 
cycles of 94 °C for 15 s, 54 °C for 60 s, 72 °C for 1 min, 
followed by one extension cycle of 72 °C for 10 min, and 
4 °C hold. Amplicons from the first stage amplification were 
diluted 1:10 and then used as a template in the second PCR. 
During the second PCR, dual indexes were attached using 
the Nextera XT Index Kit with the same amplification condi-
tions as the first stage, except for 10 cycles. Amplification 
products were visualized with eGels (Life Technologies, 
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Grand Island, NY) as explained by the manufacturer. PCR 
products were then pooled equimolar and each pool was 
size selected in two rounds using Agencourt AMPure XP 
(Beckman Coulter, Indianapolis, IN) in a 0.75 ratio for both 
rounds. Size selected pools were then quantified using the 
Quibit 2.0 fluorometer (Life Technologies). Sequencing was 
performed using MiSeq (Illumina, Inc., San Diego, CA) 
2 × 300 bp paired-end strategy according to manufacturer’s 
manual.
Bioinformatic Analysis
The primer sequences were trimmed from the demultiplexed 
raw reads using cutadapt [31]. The pair-end raw reads of 
bacterial and fungal datasets were merged using the simple 
Bayesian algorithm with a threshold of 0.6 and a minimum 
overlap of 20 nucleotides as implemented in PANDAseq 
[32]. Reads fulfilling the following criteria were remained 
for further analyses: a minimum length of 350 (bacteria) and 
120 (fungi) nt; a minimum average quality of 29 (bacteria) 
or 25 (fungi) Phred score; containing homopolymers with 
a maximum length of 20 nt; without ambiguous nucleo-
tides. We detected chimeric sequences using the UCHIME 
algorithm [33] as implemented in MOTHUR and removed 
from the datasets. The obtained reads were then clustered 
into operational taxonomic units (OTUs) using the CD-
HIT-EST algorithm [34] at a threshold of 97% sequence 
similarity. The OTU representative sequences (defined as the 
most abundant sequence in each OTU) were taxonomically 
assigned against the reference sequences from the SILVA 
database v132 [35] for prokaryote 16S rRNA gene and the 
unite database (version unite.v7) [36] using the naive Bayes-
ian classifier as implemented in MOTHUR [37] using the 
default parameters. Rare OTUs (singletons and doubletons) 
which potentially might originate from artificial sequences 
[38] were removed. The read counts were normalized to 
the smallest read number per sample. Therefore, the final 
normalized dataset without rare OTUs was used for further 
statistical analysis, unless otherwise stated. The ecological 
and metabolic functions of bacterial OTUs were predicted 
using FAPROTAX [39] and the functional annotation tool of 
prokaryotic taxa v.1.1, whereas those of fungal OTUs were 
predicted using FUNGuild [40].
Mass Loss and Physicochemical Analysis of Wheat 
Litter
The dry mass of wheat litter samples from the GCEF plots 
was determined after oven drying at 105 °C to constant 
weight (mostly after 24 h) and was used for determination 
of mass loss and moisture content at three time points (0, 
30, and 60 days) under ambient and future climate regimes 
conditions. Approximately 2 g of oven-dried samples (30 
samples) was ground and used for detection of litter phys-
icochemical properties. In brief, total C and N concentra-
tions were determined by dry combustion at 1000 °C with 
a CHNS-Elemental Analyzer (Elementar Analysensysteme 
GmbH, Hanau, Germany) according to manufacturer’s pro-
tocol. Available phosphorus was extracted and measured 
according to Bray 1 method [41]. Concentration of cati-
ons  (K+,  Mg2+,  Ca2+, and  Na+) was determined by atomic 
absorption spectrophotometry, using a Z 5300 instrument 
(Hitachi—Science & Technology, Tokyo, Japan) following 
recommendations of the manufacturer. The pH of the wheat 
litter samples was measured using a WTW Multi 3510 IDS 
portable meter (Weilheim, Germany).
Assay of Microbial Enzyme Activity in Wheat Litter
Activities of five microbial extracellular enzymes were 
measured in the same 30 samples of homogenized wheat 
litter. Of those, three are hydrolytic enzymes important for 
the acquisition of polymeric carbon (β-glucosidase), nitro-
gen (N-acetylglucosaminidase), and phosphorus (phos-
phatase); and two are oxidative enzymes related to the 
chemical modification of lignin (phenol oxidase and per-
oxidase) [3]. Hydrolytic and oxidative enzymes were meas-
ured based on 4-methylumbelliferone (MUB) derivatives 
and 3,3′,5,5′-tetramethylbenzidine (TMB), respectively, as 
described previously [42].
Statistical Analysis
Statistical analyses were performed using the PAST program 
v.2.17c [43] and IBM SPSS Statistics (version 24) software. 
All the analyses were conducted based on five independent 
replicate plots of the field experiment (n = 5) with time as 
within plot factor. Bacterial and fungal OTU richness were 
calculated for each sample using the “diversity” function 
in the PAST program. Sample rarefaction curves of fungi 
and bacteria are shown in Fig. S3. As the rarefaction curves 
indicated sufficient OTU coverage, we used the observed 
OTU richness directly as a proxy for bacterial and fungal 
diversity. Permutational multivariate analysis of variance 
(NPMANOVA) [44] based on Jaccard distance (permuta-
tions = 999) was performed to test the impact of sampling 
times and climate conditions on bacterial and fungal (includ-
ing plant pathogen and saprotrophs) communities over time. 
Non-metric multidimensional scaling (NMDS) was used to 
visualize the variations of bacterial and fungal community 
compositions among the three sampling time points (0, 30, 
and 60 days), under ambient and future climate conditions, 
respectively. We used the presence/absence data of bacterial 
and fungal communities and Jaccard dissimilarity distances 
(permutations = 999) to perform the NMDS ordination plot 
as they are more reliable than relative abundance data. All 
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physicochemical properties that significantly affected bac-
terial and fungal community compositions (p < 0.05) were 
fitted in the respective NMDS ordination plots using PAST. 
T-test was applied to evaluate the effect of climate on mass 
loss of wheat litter at 30 and 60 days under ambient and 
future climate conditions, respectively. Effects of climate, 
time, and their interaction on physicochemical properties of 
wheat litter and on microbial enzyme activity were assessed 
by time-series analysis using SPSS as the data sets vary over 
time. With this test, climate was used as a between‐subject 
factor and time was used as within plot factor. We tested the 
correlation between bacteria and fungi (community com-
position and richness) and wheat litter physicochemical 
properties. Additionally, the correlation between microbial 
communities and richness and enzyme activities was inves-
tigated. The first and second axis scores of NMDS were used 
to represent the bacterial or fungal community composition. 
For correlation analyses, Jarque–Bera test was performed to 
evaluate the distribution of the datasets [45]. Pearson’s cor-
relation and Spearman’s rank correlation were applied with 
normally distributed and non-normally distributed datasets, 
respectively. Due to the significance of fungal plant patho-
gens in field-incorporated wheat litter, we aimed to charac-
terize the interactions between these pathogens and other 
microorganisms colonizing wheat residues. We performed 
ecological network analysis (ENA) using Spearman’s rank 
correlations (p < 0.05) for ambient and future climate con-
ditions, separately. The ecological networks of potential 
interacting taxa were visualized using cytoscape 3.0.2. [46]. 
Network properties were calculated using network analyzer 
as implemented in cytoscape. These correlation networks 
included nodes that consisted of plant pathogenic fungi and 
fungal and bacterial OTUs as a proxy for “species,” while 
the edges represented the correlative relations among the 
OTUs [47]. Microbial hubs are defined as strongly inter-
connected taxa, which can have a severe effect on microbial 




A total of 237,675 quality-filtered bacterial 16S rRNA gene 
and 585,217 fungal ITS sequence reads were obtained, 
resulting in rarefied 5104 bacterial and 9020 fungal sequence 
reads per sample (Fig. S3). Bacterial communities under 
both ambient and future climate conditions were dominated 
by Proteobacteria (85–86% of the total bacterial sequences 
reads), which were mostly assigned to Gammaproteo-
bacteria (95–96%) and Alphaproteobacteria (4–5%), and 
Actinobacteria (11–13% of the total bacterial sequences, 
with 89–92% assigned to Micrococcales). Fungal commu-
nities were dominated by Ascomycota (98.3% of total fungal 
sequences reads), while Basidiomycota was rare (1.7% of all 
fungal sequences) at the early phase of wheat litter decom-
position. Information on bacterial and fungal taxonomic 
compositions are provided in Figs. S4 and S5. The datasets 
comprised of 2737 bacterial and 275 fungal OTUs. 15.9% 
and 28.7% of bacterial and fungal OTUs, respectively, were 
found only under the future climate condition.
Impact of Future Climate Condition, Time, and Their 
Interaction on Microbial Richness in Wheat Litter
We investigated the impact of climate, field incorporation 
time, and their interaction on bacterial and fungal OTU 
richness (Fig. S6). Future climate condition significantly 
increased the richness of fungal OTUs (F = 16.32, p < 0.001) 
in wheat litter. Both bacterial (F = 27.80, p < 0.001) and fun-
gal (F = 13.60, p < 0.001) OTU richness increased over time.
Microbial Community Composition in Wheat Litter Over 
Time in Correspondence to Future Climate Condition
The influences of climate condition, field incorporation time, 
and their interactions on the microbial community composi-
tion colonizing wheat litter were examined at the OTU level 
(97% identity) Figs. 1 & 2, (Table S2). NPMANOVA based 
on Jaccard distance revealed that future climate significantly 
(F = 1.45, p = 0.015) altered only the fungal community 
composition and the dynamics of fungal colonizers over time 
(F = 2.06, p <0.001) (Fig. 2a, b; Table S2). We recognized 
a distinct fungal community pattern in each single sampling 
time only under future climate condition (Fig. 2b). On the 
other hand, bacterial community composition was shaped 
only by field incorporation time (F = 2.25, p = 0.001; Table 
S2). The most abundant (> 1% of the relative abundance in 
at least one of the sampling times) microbial taxa present in 
the early phase of litter decomposition belonged to diverse 
taxonomic groups with a shift in their relative abundance 
among sampling times (bacteria, Fig. 1c; fungi, Fig. 2c). 
However, some taxa were highly abundant at all time points 
under both climatic conditions such as Pantoea (bacterial 
OTU1), Massilia (bacterial OTU2), Mycosphaerella tas-
siana (fungal OTU1), and Alternaria hordeicola (fungal 
OTU2). The FAPROTAX predicted specific metabolic func-
tions (N-fixation, denitrification, fermentation, and thiosul-
fate oxidation) for the bacterial colonizers (Fig. 1c), while 
FUNGuild annotation revealed that the fungal community 
was dominated by potential plant pathogens (Fig. 2c).
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Co‑occurrence Networks Between Plant Pathogenic Fungi 
and Other Microorganisms Are Dissimilar Between Ambient 
and Future Climate Conditions
First, we performed a correlation analysis to explore the 
influence of climate changes on the co-occurrence of bacte-
ria and total fungi as well as for the dominant fungal guilds 
(saprotrophic and plant pathogenic fungi) (Table 1). Bac-
terial richness significantly correlated with total and sap-
rotrophic fungal richness under both climate conditions; 
however, the correlation under future climate condition was 
clearly stronger (R = 0.91–0.92, p < 0.001) as compared to 
the ambient one (R = 0.54–0.57, p < 0.05). Moreover, bac-
terial richness correlated with plant pathogenic fungi only 
under future climate (R = 0.55, p < 0.05). Due to the eco-
nomic significance of plant pathogenic fungi colonizing 
field-incorporated wheat litter, we performed ecological 
network analyses (ENA) to predict the potential interactions 
among the dominant plant pathogenic fungi (~ 87% of total 
fungal sequence read abundance) and further members of 
the microbial communities under each climate condition, 
separately (Fig. 3). The network of ambient climate con-
dition consisted of 91 microbes (nodes) and 129 correla-
tions (edges), and the highest number of connections was 
Fig. 1  Bacterial community composition in wheat litter at the early 
stage of decomposition. Non-metric multidimensional scaling 
(NMDS) ordination diagrams of the bacterial community colonizing 
wheat litter residues under (a) ambient and (b) future climate condi-
tions over time. NMDS ordination based on Jaccard dissimilarities 
was used to determine the compositional variation of all bacterial 
OTUs detected at different sampling times. In NMDS ordinations, the 
numbers 0, 30, and 60 represent the sampling time in days. Signifi-
cant effect of time (p < 0.05) based on NPMANOVA is indicated in 
bold. All community-shaping wheat litter physicochemical properties 
(p < 0.05) were plotted in the respective NMDS ordination plots. (c) 
Normalized heat map of 62 dominant bacterial OTUs, which account 
for at least 1% of the relative abundance at one or more sampling 
times. A, ambient climate; F, future climate
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detected between the fungal pathogens, M. tassiana and 
Neosetophoma rosigena, with other microbes (Fig. 3a). The 
network of future climate condition was consisted of 100 
nodes and 170 correlations and the highest number of con-
nections was between the fungal pathogens Pseudopitho-
myces rosae and Gibellulopsis piscis with other microbes 
(Fig. 3b, Table S3 & S4).
Effect of Climate Change and Time on Mass Loss, 
Physicochemical Properties, and Microbial Enzyme 
Activities of Wheat Litter
Future climate condition significantly accelerated the mass 
loss of wheat litter at the early phase of decomposition. After 
60 days of field incorporation, wheat litter dry matter was 
reduced by 15.8% under future climate, compared to 10.6% 
Fig. 2  Fungal community composition in wheat litter at the early 
stage of decomposition. Non-metric multidimensional scaling 
(NMDS) ordination diagrams of the bacterial community colonizing 
wheat litter residues under (a) ambient and (b) future climate con-
dition over time. NMDS ordination based on Jaccard dissimilarities 
was used to determine the compositional variation of all bacterial 
OTUs detected at different sampling times. In NMDS ordinations, the 
numbers 0, 30, and 60 represent the sampling time in days. Signifi-
cant effect of time (p < 0.05) based on NPMANOVA is indicated in 
bold. All community-shaping wheat litter physicochemical properties 
(p < 0.05) were plotted in the respective NMDS ordination plots. (c) 
Normalized heat map of 28 dominant fungal OTUs, which account 
for at least 1% of the relative abundance at one or more sampling 
times. A, ambient climate; F, future climate
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under the ambient one (t = 2.68; p < 0.05) (Fig. 4a). With 
regard to the physicochemical properties of litter (Fig. 4b–i), 
slow nutrient release was observed during the early phase of 
decomposition, except for N (F = 8.09, p < 0.001) and  Mg2+ 
(F = 3.51, p < 0.05) that showed a significant reduction after 
60 days of field incorporation. Immobilization of P and  Ca2+ 
was clearly observed as the concentrations of both elements 
increased over time. Moreover future climate, these con-
ditions had a negligible influence on changes of chemical 
composition of litter. Although we detected a higher release 
of C and  K+ at 30-day sampling under future climate (during 
summer drought), a bioaccumulation of both elements was 
observed at 60 days (increased precipitation in autumn) to 
resemble those under ambient climate condition.
Analysis of microbial extracellular hydrolytic enzyme 
activities in wheat litter revealed a significant increase of 
β-glucosidase (F = 15.30, p < 0.001) and N-acetylglucosa-
minidase (F = 16.85, p < 0.001) over time (Fig. 5a, b). Both 
enzymes reached the highest activity at 60-day sampling 
under future climate condition. Almost no activity of oxida-
tive enzymes was detected during the early phase of litter 
decomposition under both climate conditions (Fig. 5d, e).
Influence of Future Climate Condition on the Relationship 
Between Resident Microbes (Richness and Community 
Composition) and Physicochemical Properties as well 
as Microbial Extracellular Enzymes in Wheat Litter
A correlation analysis was performed to elucidate the poten-
tial link between wheat litter physicochemical properties 
and community compositions and richness of litter-resident 
microbes under both climate conditions (Table 2). The con-
tribution of future climate to influence the factors shaping 
microbial communities in wheat litter was highly recognized 
for fungi. For instance, total fungal community composition 
was significantly (p < 0.05) correlated with  Ca2+, and pH 
under ambient climate condition, while it was also correlated 
with C/N, N, P,  K+, pH, and litter moisture content under 
future climate condition (Table 2 and Fig. 2a, b). Total fun-
gal richness was significantly correlated with C/N, N,  Ca2+, 
pH and moisture under future climate, whereas none of the 
measured factors correlated significantly with total fungal 
richness under ambient climate. The same observation was 
also found in case of saprotrophic and plant pathogenic fungi 
(Fig. S7). For bacteria, there were a significant correlation 
between the richness and community composition and com-
mon  (Ca2+, C/N, N, pH, moisture), but also differentiated 
factors (P) in correspondence to climate condition (Table 2 
and Fig. 1a, b).
A correlation analysis was performed between microbial 
communities and enzyme activities under both climate con-
ditions (Table 3). It could be considered a potential pre-
diction of ecosystem functions under ambient and future 
climate conditions. Climatic conditions significantly influ-
enced the correlation between both bacterial and fungal 
community compositions and enzyme activities in wheat 
residues. For instance, the bacterial and total fungal com-
munity compositions and richness were significantly cor-
related (p < 0.05) with phosphatase activity under ambient 
climate condition, while they correlated with β-glucosidase 
and N-acetylglucosaminidase activities under future climate 
condition. Similarly, saprotrophic and plant pathogenic fungi 
were found to positively correlate with β-glucosidase and/or 
N-acetylglucosaminidase only under future climate.
Discussions
Differential Responses of Wheat Litter Fungi 
and Bacteria to Future Climate Condition
Our work highlights major changes in the bacterial and fun-
gal richness and community compositions due to projected 
climate changes at the early phase of wheat litter decompo-
sition. Since microbes differ in physiology, growth rates, 
and evolutionary adaptations, they respond differentially in 
the face of environmental stress. Here, we found that future 
climate significantly altered fungal community composition 
and shaped its patterns over time with an increasing species 
richness. Moreover, future climate condition significantly 
altered the correlation between fungi and wheat litter phys-
icochemical properties (hypotheses 1). Our results proved 
the sensitivity and obvious turnover in the community com-
position of litter-inhabiting fungi due to climate changes. 
Climate manipulation at the GCEF resulted in altering of 
precipitation patterns as well as an average increase in daily 
mean soil temperature by 0.55 °C in the future climate plots. 
Soil warming is directly impacting microbial metabolism, 
respiration, and growth, and the processes microbes medi-
ate which are temperature sensitive [49, 50]. Moreover, 
drought stress forces microbes to shift energy, respiration, 
and resources allocation from growth to survival mode. 
For instance, they may accumulate balancing osmolytes 
to reduce the water potential and maintain hydration. Such 
Table 1  Correlations between bacterial and fungal (total, plant path-
ogenic, and saprotrophic) richness under each climate condition, 
separately. Significant correlations are indicated in bold (*p < 0.05, 
**p < 0.01, ***p < 0.001)
Richness correlation patterns Ambient Future
Total bacteria-total fungi *0.54 ***0.91
Total bacteria-plant pathogenic fungi 0.18 *0.55
Total bacteria-saprotrophic fungi *0.57 ***0.92
Total fungi-plant pathogenic Fungi **0.63 **0.69
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Fig. 3  Ecological interaction networks of plant pathogenic fungi and 
other microorganisms associated with wheat litter at the early stage 
of decomposition under ambient (a) and future climate (b) condi-
tions. Plant pathogenic fungal, dominant bacterial, and dominant fun-
gal OTUs are indicated by pink, blue, and green colors, respectively. 
Color of edges represents co-presence (black) and mutual  exclusion 
(red) correlations
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mechanism might lead to a shift in the soil community com-
position because the physiological costs associated with 
drought stresses depend on microbial inherent resistance and 
acclimation abilities which is genus species specific [51]. It 
was noteworthy that our results are in line with the recent 
global investigation of fungal distribution in soils across 
biomes, which revealed that temperature and precipitation 
are the primary and secondary elements of climate variables 
explaining fungal variation, respectively [52]. On the other 
hand, future climate did not significantly influence bacte-
rial richness or community composition in wheat residues. 
However, a positive correlation between bacterial richness 
and extracellular enzyme activities only under future climate 
was found (Table 3), which is indicative for a genomic and 
post-transcriptomic imprint as part of the climate response. 
Likewise, a comparative study tested the influence of climate 
change on bacterial communities colonizing plant litter, and 
drought was found to reduce bacterial biomass; however, 
metagenomics sequences revealed an increase of different 
glycoside hydrolase gene families that encode enzymes 
breakdown various polymers such as cellulose and chitin 
[53].
Although, future climate conditions had no significant 
direct effect on initial wheat litter physicochemical factors 
(hypothesis 3), the correlation between fungi and wheat litter 
physicochemical factors altered. Under future climate, fungi 
correlated with C/N, N, P,  K+,  Ca2+, and pH. Elements such 
as N, Ca, and P have fast mineralization rate in litter [6]. 
Moreover, both  Ca2+ and pH help in stabilization of organic 
matter [54].
Fig. 4  Effects of climate conditions and time on (a) wheat litter dry 
mass loss, (b–i) physicochemical properties of litter during the early 
phase of decomposition process. Different letters indicate significant 
differences following Tukey’s HSD at p < 0.05 with separate compari-
sons indicated by lowercase letters. n.s. represents non-significance, 
and asterisks represent significant differences (p < 0.05) between the 
two climate treatments within each sampling time (grey bar = ambient 
climate condition; red bar = future climate condition)
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The impact of future climate on microbial interactions is 
so far less studied. In the present study, we detected stronger 
correlative interactions between bacterial and fungal OTU 
richness under future climate condition (hypotheses 2), 
which support our interpretation that these interactions help 
the communities to stand against environmental stress. The 
result of co-occurrence networks in our study highlighted 
the influence of climate change on the interaction patterns 
between bacteria, saprotrophic fungi, and pathogenic fungi. 
Each network could be defined as “pathobiome”: the plant 
pathogens and associated microbes that may influence its 
persistence, transmission, and evolution [55]. The micro-
bial networks showed that correlations (positive or nega-
tive) between pathogenic fungi and other soil microbes 
have been altered in correspondence to climate conditions. 
Under ambient climate, the highest number of connections 
was detected between the fungal pathogens, M. tassiana and 
N. rosigena, with other microbes, while the highest number 
of connections was between the fungal pathogens P. rosae 
and G. piscis with other microbes under future climate. 
Our results suggest that global warming might enhance the 
pathogenic pressure on main crop species, which is a poten-
tial threat for future agriculture. Disease expression seems 
to be the result of an imbalance between a potentially patho-
genic species and the rest of the microbial communities, 
rather than just the presence of the pathogenic species [55].
Future Climate Positively Affects Mass Loss of Wheat 
Residues at the Early Phase of Decomposition
We expected that the reduction of precipitation during the 
summer period coupled with higher temperature of future 
climate might cause a significant reduction of litter decom-
position. However, in contrast to our fourth hypothesis, we 
found faster mass loss of wheat litter under future (~ 15%) 
climate as compared to the ambient one (~ 10%). The reason 
could be that we started our experiment on mid-summer 
period, which is characterized by increased temperature and 
reduced precipitation rate at the future climate plots in the 
GCEF [20]. The mass loss was measured during autumn, 
which is characterized by higher soil temperature and 
increase in precipitation by 10% as compared to ambient 
Fig. 5  Effects of climate 
conditions and time on (a–c) 
hydrolytic and oxidative (d, 
e) enzyme activities in wheat 
litter during the early phase 
of decomposition. Different 
letters indicate significant differ-
ences following Tukey’s HSD 
at p < 0.05. Significant results 
(p < 0.05) are indicated in bold 
(grey bar = ambient climate and 
red bar = future climate). Box 
plot details are also denoted
 S. F. M. Wahdan et al.
1 3
Table 2  Heat table showing 
the correlation coefficient 
values between microbial 
communities (coordinate1 and 
coordinate2 of NMDS) and 
physicochemical properties 
under (a) ambient and (b) 
future climate conditions 
and between (c) microbial 
richness and physicochemical 
properties. Cor represents the 
coordinate. Significant values 
(p < 0.05) are indicated in 
bold. Bacteria = total bacteria, 
Fungi = total fungi, Plant 
pathogen = plant pathogenic 
fungi, Saprotroph = saprotrophic 
fungi. Green and red colours 
indicate values above and below 
50th percentile, respectively
Table 3  Heat table showing the 
correlation coefficient values 
between microbial communities 
(coordinate1 and coordinate2 
of NMDS) and enzyme under 
(a) ambient and (b) future 
climate conditions and between 
(c) microbial richness and 
enzyme. Cor represents the 
coordinate. Significant values 
(p < 0.05) are indicated in 
bold. Bacteria = total bacteria, 
Fungi = total fungi, Plant 
pathogen = plant pathogenic 
fungi, Saprotroph = saprotrophic 
fungi. Green and red colours 
indicate values above and below 
50th percentile, respectively.
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climate plots. Therefore, we covered the period of increased 
precipitation together with increasing soil temperature, 
which coincidences with a faster decomposition rate. Thus, 
the decomposition rate in our study is indicative only for a 
certain period of the year when future climate might increase 
decomposition. Therefore, we hypothesize that the positive 
effect of future climate on accelerating wheat litter mass loss 
during the early stage decomposition in the present study, 
may become inversed at later stages of litter decomposition. 
On other hand, we found that the mass loss values of wheat 
stem were only between 10 and 15% after 60 days incuba-
tion, which is much lower than the mass loss as reported 
in other studies [56]. For instance, wheat litter mass loss 
reported to be 80% after incorporation in rice–wheat rotation 
system. This result was explained by the high soil moisture 
content and temperature during the rice cultivation season. 
Therefore, climate conditions are considered to be the pre-
dominant factor when litter quality is similar. Our results 
suggest that litter decay, an important ecosystem function, 
would change dramatically under future climate. This will 
lead to changes in soil C stocks; in turn, altering of soil 
organic carbon stock will have a major impact on future 
atmospheric  CO2, C sequestration, and climate.
Climate Drives the Contribution of Microbes 
to the Litter Decomposition Process
Beside other soil biota, microorganisms are considered the 
engines of plant litter decomposition processes. Future cli-
mate condition positively affected mass loss of wheat litter 
at the early stage of decomposition directly by altering fun-
gal community composition and richness as reported before 
[11]. In addition, we also detected other effects of climate 
on microbial activities that contributed to the decomposition 
process. At the early phase of litter decomposition, labile 
compounds like simple sugars and amino acids are nor-
mally consumed first by microbes with the aid of hydrolytic 
enzyme activities [3]. This corresponds to the strong posi-
tive correlation between microbial communities (both fungi 
and bacteria) to β-glucosidase and N-acetylglucosaminidase 
enzyme activity we found only under future climate condi-
tion. Similarly, previous study has reported that increasing 
temperature altered decomposition rates by shifting micro-
bial extracellular enzyme activities [57]. We also showed 
that a more complex compound such as lignin may not suf-
ficiently decompose at the early phase as lignin degrading 
fungi were rarely detected and oxidative enzyme activities 
were negligible in all samples. Though future climate con-
dition had no significant direct effect on initial wheat lit-
ter physicochemical factors (hypothesis 3), its interaction 
with sampling time significantly affected enzyme activities. 
Decomposition process of plant materials is known to be 
regulated by fungal-fungal interactions [9] as well as by 
cross-kingdom relationships between fungi and bacteria [3, 
58]. Therefore, changing of plant pathogenic fungal-bacte-
rial and plant pathogenic fungal-fungal and pathogen-path-
ogen interactions may also be responsible for the different 
proportions of wheat litter mass loss under future and ambi-
ent climate conditions. The majority of plant pathogenic 
fungi that highly dominate in the early decomposition stage 
of wheat residue (~ 87% of total detected sequences) in this 
study have been reported to live as decomposers and some 
of them are even listed as efficient cellulose decomposers 
[59]. In a word, our study reported that future climate shifts 
the fungal community composition and richness over time 
leading to altering interactions among microbial taxa and 
hence altered the corresponding function (litter decomposi-
tion) of the ecosystem.
Conclusions
This study provides the first comprehensive view of micro-
biome (including both bacteria and fungi) associated with 
the early stage of wheat residue decomposition in ambient 
and future climate conditions using high-throughput DNA 
sequencing technique. The strategy developed here can be 
viewed as a proof-of-concept focusing on wheat residues 
as a particularly microbial rich ecological compartment, 
with various patterns of diversity-structure-ecosystem 
functioning of fungal and bacterial taxa colonizing wheat 
litter under ambient and future climate treatments. Fungal 
communities associated with the early phase of wheat resi-
due response much stronger to the future climate change 
than bacterial communities. Our findings pave the way for 
a deeper understanding of the complex interactions among 
pathogens, and other microbial communities as well as 
effect of climate change on decomposition rate via the 
microbes and their associated ecosystem functions.
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Table S1. Physicochemical properties of GCEF plots soil of conventional farming ecosystem 
under ambient and future climate conditions at the onset of the experiment. Values represent 
mean ± sd. The values did not differ significantly between ambient and future climate soils (t-
test, P > 0.05). 
Edaphic/climatic factor Current climate  Future climate  
TOC (%) 2.009±0.076 2.391±0.724 
  
TON (%) 0.005±0.004 0.006±0.009 
  
C/N 11.958±0.739 12.307±0.772 
  














Table S2. Results of the permutational multivariate analysis of variance (NPMANOVA) test 
analyzing the effects of decomposition time (sampling date), climate conditions, and the 
interaction between the two factors on the bacterial and fungal communities’ composition in wheat 




Bacterial community Fungal community 
F-value p-value F-value p-value 
Climate  1.1318 0.148 1.4566 0.015 




1.11 0.129 1.333 0.011 
Ambient climate  
0 days Χ 30 days 1.515 0.01 
1.264 0.097 
30 days Χ 60 days 1.066 0.171 
0.8089 0.885 
0 days Χ 60 days 2.092 0.011 
1.1 0.316 
Future climate 
0 days Χ 30 days 1.517 0.007 1.305 0.05 
30 days Χ 60 days 1.609 0.009 2.176 0.008 
0 days Χ 60 days 2.33 0.008 2.811 0.01 
 
Table S3. Co-presence and exclusion correlations of fungal pathogens and other microbes under 
ambient and future climate conditions, see file: supplementary_file_S3&S4.xlsx 
Table S4. Classification of bacterial and fungal operational taxonomic units (OTUs) correlated 







Figure S1. (a) Aerial view for the Global Change Experimental Facility (GCEF) field research 
station of the Helmholtz Centre for Environmental Research in Bad Lauchstädt, Saxony-Anhalt, 
Germany, photo taken by Tricklabor Berlin/Service Drone. (b) Closed shelters and panels of the 






Figure S2. Effects of climate manipulation on (A) total precipitation (sum of season) and (B) soil 
temperature (daily mean temperature) in a depth of 1 cm in experimental plots managed by 
conventional farming in the GCEF. Precipitation is not manipulated during the winter months. 
Note that the effects of soil temperature is strongly modulated by indirect effects via the change of 
vegetation cover (see also Schädler et al. 2019). Here, better growing conditions during the 
establishment of winter rape (autumn-spring) in the future treatment (higher precipitation, warmer) 
led to a higher vegetation cover and consequently lower direct insolation and lower soil 
temperatures in this treatment. This could not be observed for winter wheat in 2018 since plant 







































































































































Figure S3. Samples rarefaction curves of the sequencing reads for bacteria and fungi detected in 












Figure S4. Bacterial community compositions associated with wheat litter samples at the early 
phase of decomposition in ambient and future climate treatments based on relative abundances and 
presence/absence data. BCA_A = bacterial community composition in ambient climate based on 
relative abundances data, BCA_PA = bacterial community composition in ambient climate based 
on presence/absence data. 
 
 









Figure S5. Fungal community compositions associated with wheat litter samples at the early phase 
of decomposition in ambient and future climate treatments (reproduced from Wahdan et al., 























Figure S6. Effect of climate, time and their interaction on bacterial (a) and fungal (b) richness at 
the early stage of wheat litter decomposition. Significant results following Tukeys HSD at p < 0.05 















Figure S7. Non-metric multidimensional scaling (NMDS) ordination diagrams of the potential 
plant pathogenic (ambient: a; future: b) and saprotrophic (ambient: c future: d) fungal 
communities colonizing wheat litter residues under ambient and future climate condition. NMDS 
ordination based on Jaccard dissimilarities was used to determine the compositional variation over 
sampling time. In NMDS ordinations, the numbers 0, 30 and 60 represent the sampling time in 
days. All significant wheat litter physicochemical properties (p < 0.05) were plotted in the 
respective NMDS ordination plots. Significant effect of time (p < 0.05) based on NPMANOVA 



































Based on the six independent but complementary chapters, this section aims at summarizing our 
main findings, putting them in relation to each other, and drawing main conclusions. Furthermore, 
we pinpoint some gaps or limitations in our approaches and some perspectives to extend the 
findings of our work in order to make them more generalizable. The space is too limited to enter 
into detailed discussions of each of the specific results, which can be found in the discussion 
sections of each article.  
D-I Approaches and main findings of the result chapters 
In this thesis and along its chapters, we analyzed the combined effect of future climate changes 
(soil warming and altered precipitation patterns) and different land use types, as well as edaphic 
factors (pH, organic matter, macro- and micronutrients) resulting from these treatments on the 
diversity and community composition of microorganisms in rhizosphere soil, plant endosphere, 
and plant residues in cropland and grassland ecosystems. Our analyses were performed in a large 
field infrastructure, the Global Change Experimental Facility (GCEF), that simulates a scenario of 
future climate based on several models of projected future changes in Central Germany for the 
years between 2070 and 2100. This future climate scenario is compared to the actual climate in a 
set of five land-use types in agriculture, of which we selected some for our different analyses. 
Paired-end Illumina MiSeq analysis of 16S rRNA, ITS and 18S gene amplicons was employed to 
study bacterial, fungal and arbuscular mycorrhizal fungal communities, respectively. Furthermore, 
we combined the bromodeoxyuridine immmunocapture technique with the high throughput 
sequencing to differentiate the active, viable and replicating microbial communities.  
 
Throughout our study, we used the FAPROTAX database for predicting ecological relevant 
trophic modes and metabolic functions of bacterial and archaeal taxa derived from our 16S rRNA 
amplicon sequencing. This database was initially developed to predict the function of marine 
species using standard microbiological references (Louca et al., 2016), therefore, in Chapter 1, we 
validated the potential use of FAPROTAX to assign ecological functions of soil bacteria. We used 
a meta-analysis and our samples from various soils including soil of extensively managed 
grassland plots in the GCEF. Our survey revealed that FAPROTAX can be used for screening or 





needs to be extended to cover some relevant bacterial functions in soils such as atmospheric N-
fixation.  
In Chapter 2, we investigated the total bacterial and fungal communities in the rhizosphere soil of 
Trifolium pratense in extensively managed grassland ecosystem. Our analyses revealed that active 
communities are significantly distinct from the total ones in terms of diversity and community 
composition. In line with other previous studies (Rajala et al., 2011;Baldrian et al., 2012;Zhang et 
al., 2014), each community was driven by specific edaphic factors that shape its structure. For 
instance, soil organic matter and moisture, C/N, N and pH were found to be correlated with the 
total microbial communities, while the active communities were correlated only with available P 
and Ca2+ ions. In the same rhizosphere soil samples, we also measured the activities of three 
microbial extracellular hydrolytic enzymes, (ß-glucosidase, N-acetyl-glucosaminidase, and acid 
phosphatase), which play central roles in the C, N, and P acquisition, respectively. Our analyses 
showed that the active microbial richness is correlated with the measured enzyme activities. For 
instance, active bacterial OTU richness correlated positively with ß-glucosidase and N-acetyl-
glucosaminidase activities, while active fungal OTU richness correlated positively with acid 
phosphatase. On the other hand, the total microbial richness did not correlate with any of the 
measured enzyme’s activity. Therefore, our results indicate that the active microbial community 
more accurately predicts soil functions. Lastly, we found that both active and total microbial 
communities showed some degree of resistance or resilience to the manipulated future climate. On 
the other hand, future climate influenced only fungi on the taxonomic and functional levels. For 
instance, a high richness of taxa belonging to Eurotiomycetes and Pezizomycetes and low richness 
of Sordariomycetes were detected under future climate regime as compared with the ambient one. 
Also, higher richness of Entomogenous fungi were detected under future climate conditions in our 
study. Taken together, we conclude that the edaphic factors have a high influence on shaping the 
microbiomes at the level of community composition, while climate change factors have more 
specific effects on some taxonomic and functional groups. 
  
In Chapter 3, we investigated the bacteriome and mycobiome of an important forage legume crop, 
Trifolium pratense (red clover). Red clover is known to have a limited ability to adapt to extreme 
drought events (Hofer et al., 2016;Hanna et al., 2018). Therefore, we aimed to explore the response 





four plant compartments; the rhizosphere and the root, shoot system (leaves and stems) and flower 
endospheres. Like previously shown by other studies (Cregger et al., 2018;Gaube et al., 2020), our 
results showed that plant tissue/compartments differentiation enabled the formation of unique 
ecological niches each harboring a specific microbial community. We also analyzed the predicted 
bacterial metabolic functional genes in red clover. We were able to detect microbial genes involved 
in plant growth processes, such as biofertilisation (nitrogen fixation, phosphorus solubilisation, 
and siderophore biosynthesis) and biostimulation (phytohormone and auxin production) (Marasco 
et al., 2018;Liang et al., 2020) that appeared not to be influenced by climate changes. Except for 
some taxonomic fungal groups of the aboveground compartments, the T. pratense microbiome 
diversity and community composition displayed resistance against the climate change. Future 
climate specifically influenced plant associated fungi on the taxonomic level, increasing the 
relative abundance of Eurotiomycetes and Agaricomycetes and decreasing the relative abundance 
of Tremellomycetes in the plant endospheres. Therefore, we show in this chapter that diversity and 
community composition of plant associated microbiomes are primarily shaped by their host tissue 
differentiation, which results from differential nutrient and space distribution and oxygen 
availability, while climate change specifically influenced plant associated fungi at the taxonomic 
level. 
In Chapter 4, the interactive effect of climate change and agricultural practice (conventional and 
organic farming) on arbuscular mycorrhizal fungi (AMF) colonizing wheat roots was investigated. 
Both future climate conditions and agricultural practice altered the community composition of total 
AMF and that of the AMF family Glomeraceae. The interactive impact of climate and agricultural 
practices was detected in the community composition of Diversisporaceae, which was reported 
before to be an indicator of disturbed habitats (Moora et al., 2014) and sensitive taxon to climate 
changes (Sun et al., 2013;Xiang et al., 2016). In terms of AMF richness, our results showed that 
organic farming favored increased total AMF and Diversisporaceae richness. Furthermore, organic 
farming mitigated the negative effect of future climate and promoted total AMF and Gigasporaceae 
richness. We also performed correlation analyses to explore possible links between the richness of 
AMF and wheat production criteria (grain and straw dry matter, straw/grain ratio, and macro- and 
micronutrients concentration of wheat grains). Contrary to our expectations, wheat yield variables 
correlated positively with mycorrhizal richness under the nutrient-rich conventional farming 





However, AMF richness was significantly linked with nutrient content of wheat grains under both 
agricultural practices. To sum up, this chapter shows that AMF symbiosis reacts to but also 
mitigates effects of climate change and intensive land use, which opens avenues to implement an 
ecofriendly agriculture in the climate change context.  
In Chapters 5 and 6, we investigated the structure and ecological functions of microbial 
communities colonizing wheat litter during the early phase of decomposition in a conventionally 
managed cropland. The effects of climate change were assessed on microbial richness, community 
compositions, interactions and their functions (production of extracellular enzymes), as well as 
litter physicochemical factors and mass loss. Previous studies showed that plant residues can serve 
as a shelter for plant pathogens that cause different types of diseases (Suffert and Sache, 
2011;Ottosson et al., 2015). We also found that potential plant pathogenic fungi dominated (~87% 
of the total sequences) within the wheat residue mycobiome. Also, the future climate altered the 
fungal communities not only at the community composition level, but also at the taxonomic level 
resulting in the potential to add plant pathogens to the system. In contrast, bacterial communities 
showed resistance against changing climate. Fungi responded to different physicochemical 
elements of litter under ambient (C, Ca2+ and pH) and future (C/N, N, P, K+, Ca2+ and pH) climate 
conditions. Additionally, we measured the enzyme activity of microbial extracellular hydrolytic 
and oxidative enzymes produced in wheat litter. We found that the activity of microbial β-
glucosidase and N-acetyl-glucosaminidase in wheat litter was significantly higher under future 
climate. Such high enzymatic activities were coupled with a significant positive correlation 
between microbial (both bacteria and fungi) richness and community compositions with these two 
enzymatic activities only under future climate. In addition, future climate conditions significantly 
accelerated litter mass loss as compared with the ambient one. Organic matter decomposition is 
generally increased by warming, as labile soil carbon substrates are depleted by increased 
microbial activity and because of trade-offs as microbial communities either acclimate, shift in 
composition, or constrain their biomass to respond to altered conditions (Bradford, 2013;Cheng et 
al., 2017;Stuble et al., 2019). We also proved that future climate positively affected mass loss of 
wheat litter at early stages of decomposition directly by altering fungal community composition 
and richness or indirectly by altering interactions among microbial taxa and enzymes production. 





resulting from decomposition of plant residues under warmer and dryer climate, and give some 
clues on the microbial mechanisms behind the corresponding misbalance in the soil microbiome.  
D-2 Conclusion and implications of the study findings 
The impact of climate change on microorganisms is undeniable, but unresolved to a certain limit, 
as it depends on the microbes’ physical habitat that vary tremendously with respect to their biotic 
and abiotic properties across ecosystems (Feld et al., 2009). The results of our study provide 
experimental evidence on the response of plant and soil microbes to climate changes in the area of 
Central Germany and contribute to the increasing effort to investigate the feedback of soil 
microorganisms to environmental changes such as land use intensity and corresponding changes 
in soil properties. As conclusion, we found that different microbial taxa exhibit various responses 
to the manipulated future climate conditions depending on their ecological niche, the ecosystem 
type and the period of exposure to the future climate treatment. After one year of the application 
of altered precipitation pattern and soil warming scenario, community and richness of AMF 
colonizing wheat roots in cropland were found to be altered. However, the organic farming 
management regime highly impacted AMF richness to overcome the effect of future climate. The 
rest of our investigations were performed on summer 2018, after four years of application of the 
future climate scenario. The year 2018 has been recorded as the warmest year in Germany since 
1881. Air temperature was 1.2°C higher than the mean air temperature of the record-breaking 2003 
summer. In addition, the mean precipitation was as low as during previous record drought events 
in 2003 (Schuldt et al., 2020). The global investigation of fungal distribution in soils across biomes 
by Vetrovsky et al. (2019) revealed that temperature and precipitation are the primary and 
secondary elements of climate variables explaining fungal variation, respectively. Fungal 
communities were shown to be more sensitive indicators to soil moisture variations than bacterial 
communities (Kaisermann et al., 2015). Our investigations also revealed that fungi are more 
sensitive to the future climate conditions (soil warming and altered precipitation patterns) than 
bacteria. In line with prior studies (Rinnan et al., 2007;Bui et al., 2020;Mukhtar et al., 2021), future 
climatic conditions influenced fungal communities on various levels depending on the habitat they 
occupy; (i) increased richness and changes in the community composition were observed in fungi 
colonizing plant residues, (ii) taxonomic shifts in specific fungal classes or genera were observed 





functional guilds were observed in the rhizosphere soil. These variations were accompanied with 
accelerating the decomposition rate in plant residues and introducing new potential plant 
pathogenic genera to the system under future climate conditions.  
Edaphic factors played key roles in shaping the microbial communities. As reported by previous 
works (Song et al., 2018;Xue et al., 2018;Sui et al., 2021), our study showed that soil organic 
matter and moisture, C/N, N, P, K+, Ca2+ and pH were the main influencing factors with some 
specification. For example, AMF were highly correlated with total C, total N, mineral inorganic 
forms of N and available P. These elements changed in soil according to the type of land 
management (conventionally or organically managed fields). The results also revealed that active 
microbial communities mainly correlated with specific soil factors, e.g., rhizosphere active 
bacterial were correlated with Ca2+ while active fungi were correlated with Ca2+ and P, and the 
total microbial communities were correlated with a wide range of soil factors. In brief, bacteria, 
general fungi and AMF community compositions are shaped by edaphic factors or host tissue 
differentiation (in case of plant associated microbes). Additionally, fungal communities, in terms 
of community composition, diversity, and taxonomic and functional composition are highly 
sensitive to climate conditions. This pattern indicates greater fungal than bacterial plasticity during 
soil warming and wetting and drying periods associated with climate changes. 
Our results may be specific to the soil type of the study field, Haplic Chernozem, which is 
characterized by a high content of organic carbon and a high water-holding capacity. Here, we 
expect a further increasing influence of the future climate scenario on the microbial communities 
in both croplands and grasslands. This might have different reasons; one could be the changes of 
the vegetation cover due to drought periods (Cartwright et al., 2020). In the GCEF, both red clover 
and wheat yield declined as a result of the negative effect of future climate conditions (personal 
communication with Dr. Martin Schädler). Another reason could be changes of the soil chemical 
properties due to repeated cultivation, especially with intensive management of conventional 
farming systems that includes incorporation of chemical herbicides and Nitrogen additives. Indeed, 
drying and rewetting periods could cause disintegration of microbial cells due to the changes in 
osmotic potential in extremely dry soils, or may lead to the release of osmo-regulatory substances 





moderate drought that depends also on soil characteristics (Iovieno and Baath, 2008;Geng et al., 
2014).   
D-3 Technical limitation of the study  
Labeling of DNA with BrdU was first used in microbial ecology as an alternative to radioactive 
thymidine to measure bacterial growth (Steward and Azam, 1999). Later it was coupled to 
microscopy to identify DNA-synthetizing cells by fluorescence in situ hybridization (Pernthaler 
and Pernthaler, 2005). BrdU is an analog of thymidine and it can be taken up by microbial cells 
and incorporated into newly synthetized DNA (Borneman, 1999). Therefore it has been used to 
detect active and replicating microbial taxa in various habitats. Major bacterial phyla can be 
detected by BrdU (Hellman et al., 2011), however, no information regarding BrdU uptake capacity 
by fungal taxa is available. Therefore, a study to detect the potential of various fungal groups to 
incorporate BrdU is required for a more accurate view of the active community.  
Throughout our study, except for Chapter 4, we detected microbial taxa by the construction of 
molecular operational taxonomic units (OTUs) which is a clusters of sequencing reads that differ 
by less than 3% dissimilarity threshold. New bioinformatics methods have been developed to 
resolve amplicon sequence variants (ASVs) which demonstrated enhanced sensitivity and better 
explanation of ecological patterns (Callahan et al., 2017). 
Future climate changes are characterized by altered precipitation patterns (drought and wetting) 
and fluctuations of temperatures during the year. On the other hand, microbial communities can 
vary more across seasons than in response to long‐term climate manipulations (Cregger et al., 
2012;Curiel Yuste et al., 2014). Therefore, sampling successional microbial communities that 
cover the four seasons of the year would provide a wide overview of microbial behavior toward 
different elements of climate change.   
D-4 Future prospects of the study field 
Microbial communities are the main agents governing soil processes. To predict soil processes 
under future climate conditions, understanding of the factors that affect microbial communities is 
highly required. During our work, we investigated the microbial communities by Illumina 
sequencing of marker genes. However, extreme climatic conditions could cause changes at the 
genomic level of the microbial cell that were not visible from 16S, ITS or 18S gene amplicons 





resolution metagenome, metatranscriptome, and metaproteome approaches to unravel the entire 
gene expression and protein profile of environmental microbiota, hence providing more clear 
views of the microbial functions. 
Soils are an important source of diversity worldwide (Ramirez et al., 2018). Microbes do not exist 
as isolated organism in the soil, therefore, investigating mutualistic or antagonistic interactions 
with other above-ground vegetation and below-ground fauna (e.g. nematodes, arthropods, insects, 
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